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Preface 



Since the discovery of high-temperature superconductors the scientific com- 
munity has been very active in research on material and system development 
as well as on the basic understanding of the mechanism of superconductiv- 
ity at high transition temperatures. Industrial groups joined in very soon as 
with these new materials the prospects for commercial application of super- 
conductivity seemed to be more promising than ever. Materials processing 
was divided into film deposition and bulk preparation techniques, the latter 
including conductor fabrication and melt growth of monolithic samples as 
well. Because of the high impact of possible applications in energy technol- 
ogy, wire and tape fabrication of the BSCCO superconductors is one of the 
most important fields, in addition to thin-film technology for mobile comuni- 
cation. Only since processes like IBAD and RABiTS^^ were invented have 
film deposition techniques also become important for energy technology. 

In order to produce suitable conductors with material properties which 
meet the challenge imposed by energy technology, detailed understanding of 
the phase formation and physical properties of the high-temperature super- 
conductors is necessary. The goal of this book is on one hand to provide the 
basic information on phase formation and physical properties, and to give a 
short overview of the state of the art in conductor preparation and character- 
ization. On the other hand it contains the author’s own results in the field of 
preparation and characterization. This work has been performed at the Ber- 
gische Universitat Wuppertal and at the Applied Superconductivity Center 
of the University of Wisconsin at Madison. It has been partly funded by the 
BMBF and the Ministry of Science of North Rhine- Westphalia. I want to 
acknowledge the support and collaboration of many people. I am grateful to 
Prof. Helmut Piel for the possibility to work in this exciting field in his labora- 
tory. I appreciated very much the collaboration with Hans-Gerd Kiirschner, 
Dr. Michael Hortig, Jahangir Pouryamout, Bernhard Liicke, Dr. Bernhard 
Fischer, Rainer Wilberg, Bernd Gunther, Peter Hardenbicker, Markus Getta, 
Sascha Kreiskott, Stefan Hensen and Prof. Gunter Muller and all my other 
colleagues at the University of Wuppertal. I am also indebted to Prof. David 
Larbalestier for the possibility to work in his group at the Applied Super- 
conductivity Center of the University of Wisconsin at Madison. During that 
year I enjoyed very much the inspiring atmosphere in his group. In addition 
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I want to thank all colleagues in Madison, especially Jodie Reeves, Dr. Wei 
Zhang, Prof. Eric Hellstrom, Dr. Mark Rikel and Dr. Anatolii Polyanskii, for 
their collaboration during my stay and afterwards. Last but not least I want 
to thank my family for their patience. 



Wuppertal, August 2000 Beate Lehndorff 
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1. Introduction 



When Heike Kammerlingh Onnes found superconductivity in pure mercury in 
1911 [118] after liquefying helium in 1908 [117] he immediately knew about 
the great potential of lossless current transport for applications in magnet 
and energy technology. The second important property of a superconduc- 
tor besides carrying current without resistance is the Meissner-0 chsenf eld 
effeet [192], i.e. magnetic flux is completely expelled from the interior of a 
metal when it goes to the superconducting state. The first decades of super- 
conductor research were spent in finding theoretical models for this new phe- 
nomenon and on the search for materials with higher transition temperatures. 
The brothers Fritz and Heinz London proposed an electromagnetic theory in 
1935 [174] explaining the finite penetration length of electromagnetic fields 
into the superconductor {London penetration depth). In 1950 Ginzburg and 
Landau formulated a theory based on the thermodynamics of phase transi- 
tions [67] which gives a good macroscopic description of the superconducting 
state. A detailed microscopic theory was given by Bardeen, Cooper and Schri- 
effer in 1957 [12]. This BCS theory assumed electron-phonon coupling as the 
underlying mechanism for the pairing of conduction electrons into Cooper 
pairs, which carry the supercurrent. 

Many pure metals were found to be superconducting, with Nb having the 
highest transition temperature for a pure element of 9.2 K. But on the route 
to application these metals had a great disadvantage. At a fairly low external 
magnetic held {the critical field He) of some ten mT superconductivity is 
destroyed because the magnetic energy exceeds the coupling energy of the 
Cooper pairs. The first way out of this dilemma was found with the A15 
compounds. A well-known material from this class is NbaSn, which was found 
by Bernd Matthias in 1954 [189]. The A15 compounds have the complicated 
/3-tungsten structure and show transition temperatures well above 10 K. For 
example NbsSn has Tc = 18K, NbaCe has the highest Tc of these compounds, 
with 23 K, and VaCa can reach a Tc of 20 K when prepared carefully. 

These new materials introduced a new type of superconductivity, thus 
leading to the discrimination between type I and type II superconductors. In 
a type I superconductor superconductivity is stable up to the critical filed 
He- A type II superconductor has a lower and an upper critical held Hd 
and Hc 2 - When the lower critical held is reached it becomes energetically 
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1. Introduction 



favorable to let magnetic flux penetrate the superconductor. This happens in 
the form of quantized vortices called Abrikosov flux lines. The transition to 
the normal-conducting state happens only at Hc 2 , which is nearly 20 T for 
NbsSn, i.e. several orders of magnitude higher than in pure metals. Thus a 
type II superconductor can occupy two distinct superconducting states, the 
Meissner state, where no flux is present in the interior of the material, and 
a mixed phase, also called the Shubnikov phase, where quantized vortices 
penetrate the superconductor. 

Abrikosov [2] could show, in 1957, that the Shubnikov phase is a periodic 
solution of the Ginzburg-Landau (GL) equation and the energetically most 
probable symmetry is triangular. The experimental verification of the tri- 
angular Abrikosov flux line lattice (FLL) was performed by Essmann and 
Trauble in 1967 [49] using a magnetic decoration technique. In addition 
Gorkov could prove in 1960 [73] that the GL theory is an exact solution 
of the BGS theory near to the superconducting phase transition, extending 
this theory to the so-called GLAG theory. 

In order to take advantage of the high upper critical fields of the A15 
compounds for the design of high-held magnets an additional problem had to 
be solved. When a current is flowing in a type II superconductor vortices can 
move freely, thus dissipating energy, unless they are pinned to a fixed site 
in the crystal lattice. A superconductor with good flux-pinning properties 
is called hard superconductor. Only these special materials are suitable for 
applications, as only they are able to carry the high currents necessary to 
produce magnetic fields of a strength of several tesla. 

Long, flexible wires are needed to build a high-held magnet. However, 
NbsSn is a brittle material and it is not an easy task to fabricate wires out 
of it. This technical problem could not be solved until the alloy NbTi was 
found. Despite its lower transition temperature of 10.5 K and its smaller upper 
critical held of about 12 T, it offers the significant advantage of flexibility and 
formability. Wires of NbTi in a copper matrix can easily be produced in long 
lengths and wound into magnets. Magnets wound from NbTi wires became 
the first commercially available applications of superconductivity and came 
to market in the 1960s, fifty years after Kammerlingh Onnes first reported 
superconductivity in mercury. Nowadays these magnets are widely used in 
magnetic resonance imaging (MRI) and offer a profitable market, mainly 
in health care but also in research. These magnets have to be cooled with 
liquid helium, which is not a problem in stand-alone systems. However, for 
applications in energy technology like power transmission cables, cooling with 
liquid helium turned out to be uneconomic. Thus magnet technology still is 
the only market for superconductivity at present. 

Matthias gave a very useful rule for the transition temperature of the 
conventional superconductors [188], which tells us that Tc increases with in- 
creasing average number of valence electrons of a metal. This led to the as- 
sumption that transition temperatures above 30 K were impossible to achieve 
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in any material. This opinion had to be changed in 1986 when Bednorz and 
Muller found superconductivity at 40 T in LaSrCuO [15]. K.-A. Muller was 
already well known from his work on ferroelectric perovskites. Inspired by an 
idea of Bernd Matthias, who suspected that owing to the enhanced electron- 
phonon coupling in ferroelectric perovskites, this class of material might offer 
a way out of the limitation on Tc [202] , he and Bednorz synthesized different 
compounds, finally finding LaSrCuO. This work caused a boom in research 
on superconductivity, and a flood of papers was published during the follow- 
ing years. The highlights were the detection of YBaCuO with Tc = 93K by 
Chu’s group [272] half a year after Bednorz and Miiller’s discovery, and the Bi 
compounds BiSrCaCuO with TcS of 86 K and 110 K by Maeda et al. in 1988 
[179]. The new materials have very high upper critical fields of more than 
50 T; however, they have turned out to be even more brittle than NbaSn as 
they are ceramics. Consequently the initial hope of realizing additional com- 
mercial applications, especially in energy technology, and to earn big money 
from this new market had soon to be scaled down. The big problem is: how 
can one form a flexible wire out of a ceramic? Thus, after ten years of high- 
Tc superconductivity, the new materials still are no serious challenge to the 
conventional superconductors. The goal of this work is to throw some light 
on the reasons for these difficulties. 

Many new theories different from BCS emerged in order to explain the 
high transition temperatures of the oxide superconductors. It cannot be the 
aim of this work to go into great detail about these theories. Furthermore, 
the new superconductors are compounds of four or more constituents, lead- 
ing to very complicated phase diagrams. Consequently phase formation in 
these materials is complex. As this field of research is fairly new, much of the 
knowledge necessary to start working in this field is found not in textbooks 
but in original papers. For this purpose, in the first part of this book some 
basic facts about phase formation and electromagnetic properties of high-Tc 
superconductors are put together. This part should serve as a short overview 
for newcomers in this field, e.g. students starting with their diploma or PhD 
thesis work. In the second and third parts, my own contributions to this very 
competitive field are presented. In these parts the results presented are meant 
to show the problems materials scientists are still facing when preparing ce- 
ramic superconductors for magnet and energy technology. The fundamental 
and results parts are preceded by a chapter in which the main challenges 
imposed by the new superconductors are addressed and some possible appli- 
cations are presented. 



2. High-Tc Superconductors: 
Limitations and Applications 



When high-temperature superconductivity was found by Bednorz and Muller 
in 1986 [15] many research activities were started all over the world. This 
was not only because of the desire for even higher critical temperatures T^. 
But the possibility of cooling with liquid nitrogen instead of liquid helium 
made the application of superconductivity in energy technology much more 
probable and economically feasible. The great expectations, however, had 
soon to be scaled down. Despite having high transition temperatures of e.g. 
94K in YBa 2 Cu 307_5 or even IlOK in (Pb,Bi) 2 Sr 2 Ca 2 Cu 30 io, the new 
ceramic superconductors could not carry very high critical currents Ic- Thus 
technical applications again turned out not to be around the corner and 
big effort was put into the understanding and elimination of critical-current 
limitations. 

Yet there are some important properties of high-temperature supercon- 
ductors (HTSCs) besides the high transition temperature. In principle they 
have a very high upper critical field (up to 100 T for the bismuth supercon- 
ductors) and could thus carry high currents at much higher fields than the 
conventional metallic superconductors. In addition to application in energy 
technology this would offer the possibility of building very-high-field magnets 
which would generate fields of over 20 T in the laboratory, the limit imposed 
by conventional superconductors at present. 

To get an impression of how the current-carrying capacities of the various 
materials compare in a magnetic field and at different temperatures it is useful 
to draw all jc versus B dependences in one figure. This is done in Fig. 2.1. 
From this presentation it can be seen that the critical current density at 4.2 K 
and in elevated magnetic fields of Bi2Sr2CaCii208 (Bi-2212) tapes outreaches 
that of NbTi and even Nb 3 Sn. But it can also be seen that the magnetic- 
field dependence of jc for (Pb,Bi) 2 Sr 2 Ca 2 Cu 30 io (Bi-2223) tapes at 77 K is 
very strong. Even at about 1 T jc has dropped below IkA/cm^, with severe 
consequences for the application of this material, namely that high magnetic 
fields cannot be generated at 77 K with Bi-2223. This, however, already shows 
the reasons for the great potential impact of finding out the origin of the low 
current-carrying capacity of the new materials. 



Beate R. Lehndorff: High-Tc Superconductors for Magnet and Energy Technology, 
STMP 171, 5-13 (2001) 

@ Springer- Verlag Berlin Heidelberg 2001 



6 2. High- Tc Superconductors: Limitations and Applications 




Fig. 2.1. Critical current density as a function of the external magnetic field for 
different superconductors 



2.1 Critical-Current Limitations 

Why is the current-carrying capacity so limited in the new superconductors? 
The HTSCs are ceramics and are thus brittle materials consisting of many 
more or less well-connected grains. The supercurrent has to flow within these 
grains and over the grain boundaries, which necessarily leads to certain lim- 
itations in the current-carrying capacity. 

There are several physical reasons for this limitation on the critical cur- 
rent, or on the critical current density jc, which is normally used in the lit- 
erature as it is independent of the conductor cross section. The main sources 
have been given by Larbalestier [153] and are summarized in Table 2.1. 



Table 2.1. Limiting critical current densities in polycrystalline high-Tc supercon- 
ductors 



Origin 




Magnitude 


Pair breaking 


jd = 


= 10® - 


10" 


A/cm^ 


Flux pinning 


Jfp = 


= 10"- 


10® 


A/cm^ 


Grain boundary 


ig = 


= 10" - 


10^ 


A/cm^ 


Percolation 


ip = 


= 10® - 


10'‘ 


A/cm^ 



The pair-breaking critical current density is far from being reached in 
most polycrystalline materials. Only the last three sources are really relevant 
in technical superconductors, and will be discussed in some detail. In the case 
of alternating currents the high ac losses have to be considered in addition. 
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2.1.1 Flux Pinning 

The intragrain critical current density seems to be at least one order of magni- 
tude higher than the intergrain jc- This can be concluded from experiments 
on the ground core of Bi-2223/Ag tapes [32]. The limitation on jc within 
the grains is caused by the motion of magnetic flux lines in the Shubnikov 
phase of the superconductor. In an ideal type II superconductor the critical 
current density is infinitely small because flux lines can move freely. In a 
real superconductor there are always lattice defects and/or impurities which 
serve as pinning centers for the flux lines. The better the flux-pinning prop- 
erties the higher the critical current density in a so-called hard superconduc- 
tor. The limit jc is reached when vortices can leave their pinning sites and 
move through the lattice, dissipating energy. This subject will be discussed in 
some detail in Sect. 4.3. The material development of the conventional low- 
temperature superconductors (LTSCs) like NbTi or NbsSn for applications 
in magnet technology was based on the engineering of pinning properties. 
The structure of vortices in these metallic materials is quite simple compared 
with those in the HTSCs. Nevertheless the development of flexible wires with 
appropriate pinning properties took about 50 years to reach the first com- 
mercially available magnets. 

The structure of flux lines in the anisotropic ceramic superconductors is 
much more complicated. While in LTSCs a vortex is really a flux line, which 
can be pinned by just one or a few pinning sites, the vortices in HTSCs can 
split into two-dimensional pancake vortices. They are very weakly coupled 
and have to be pinned separately. This means that the pinning-site density 
has to be rather high but without destroying the superconducting properties. 

Further difficulties arise from the fact that the superconducting coherence 
length ^ in the ceramic superconductors is quite small (0.3 to 3nm) as com- 
pared with conventional materials like Nb (40 nm) or Pb (500 nm). Pinning 
centers act most efficiently if their spatial extension is of the order of the 
coherence length. This implies that in the HTSC materials pinning sites of 
atomic size have to be introduced. The first results were achieved by radioac- 
tive irradiation, e.g. of Bi-2223 tapes [144, 145]. Recent results of the group 
at Brookhaven National Laboratory, however, show that there is a limitation 
to this method [25, 167]. In a magnetic field above 4T the pinning centers 
created by irradiation damage become ineffective. Furthermore, irradiation 
doses of more than 4T “dose-equivalent field” are deleterious and cause a 
significant decrease of the superconducting transition temperature. Although 
of some advantage, this method has the great disadvantages that it is too 
expensive and the remaining radioactive contamination is considered to be 
hazardous. 

A different route, widely used in conventional superconductors, is the 
creation of pinning centers via chemical precipitation. Because of the com- 
plicated phase diagrams of HTSCs, which will be discussed in more de- 
tail in Sect. 3.2, this is not an easy way, though. For example, in the case 
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of YBa 2 Cu 307_5 small inclusions of the nonsuperconducting compound 
Y 2 BaCu 05 serve as efficient pinning centers. Most likely, the lattice defor- 
mations in the neighborhood of the inclusions have a suitable size. The first 
positive results were reported on lead doping of Bi-2212 single crystals [249]. 
There was also an attempt to transfer these results to Bi-2212 silver-clad 
tapes but the critical current densities obtained to date are not very high 
[61]. More convincing results have been reported by Anderson, who varied the 
lead content of Bi-2223/Ag tapes, which led to a change in the irreversibility 
field [7]. 

There is a discussion in the literature as to whether intergrain or intragrain 
currents limit the current-carrying capability of the ceramic superconductors. 
As it is possible to improve the critical current density by irradiation dam- 
age, Hensel et al. conclude [95] that in high-jc tapes of an HTSC the grain 
boundaries are no longer weak links and the critical current is limited only 
by intrinsic mechanisms, i.e. flux pinning. The magnetically determined jc of 
ground cores of HTSC tapes, however, is one order of magnitude higher than 
the transport critical current density of the whole tape, as Caplin et al. could 
show [32, 40]. This is an indication that weak links limit the current-carrying 
capacity. 

Nevertheless there is also a physical constraint in principle on the flux- 
pinning properties of these materials. As the transition temperatures are 
rather high, around 100 K and more, thermally activated flux creep is ther- 
modynamically more important. 

2.1.2 The Role of Grain Boundaries 

The above-mentioned discussion about inter- and intragrain contributions to 
the critical current density reveals the important role of the grain bound- 
aries in these materials. Owing to the very short coherence length of 0.3 to 
3nm in the ceramic superconductors, only small barriers between grains are 
necessary to change a grain boundary from a strong link to a weak link. 
These barriers may be impurities, lattice distortions or oxygen deficiencies. 
Also, misorientation between adjacent grains can lead to weak-link behavior. 
In YBCO there exists a crossover misorientation angle for this behavior, as 
could be shown by Heinig et al. [91]. As a consequence it appears to be neces- 
sary to obtain a material with only low-angle grain boundaries, as they most 
likely act as strong links. 

Weakly coupled grains decouple in increasing external magnetic fields. 
This leads to an initial drop of the critical current density at fields below 
IT, which is readily observed in most HTSC materials above 30 to 40 K. 
Obviously this is a great disadvantage for some applications, like magnet 
design. 

Several models have been developed to explain current transport in these 
multiply connected materials. These models have to make certain assump- 
tions as to the nature of the grain boundaries crossed by the current flow. 
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The first transport model - the so called brick wall model ~ was proposed by 
Malozemoff in 1990 [184] and extended by Bulaevskii and coworkers in 1993 
[26] . In this model it is assumed that the grains are arranged like bricks in a 
wall, as shown on the left-hand side of Fig. 2.2. This assumption stems from 
the fact that the real microstructure of a polycrystalline HTSC consists of 
thin platelets extending several hundred microns along the crystal ab planes 
but only a few microns thick in the c direction. Thus c axis contacts have 
much larger contact areas, and current transport through these c axis bound- 
aries should be the only relevant current transport. One argument against 
this model is that, from the results of Kleiner and Muller [129], electrical 
transport along the c axis is intrinsically weakly coupled. 



current path t c-axis 




brick wall model 

c-axis grain boundaries are predominant 




current 

path 



small-angle c-axis tilt boundai*y 
railway switch model 



current 




Fig. 2.2. The most common grain arrangement in BSCCO tapes, as assumed by 
the brick wall model (left) and the railway switch model (right) 



In 1995 Hensel et al. proposed the railway switch model as an alterna- 
tive view of current transport over grain boundaries [95] . The basic assump- 
tions here are that the grains are always slightly misoriented and electrical 
transport can only take place via edge-on ab contacts. That means that one 
misoriented grain meets another like a railway switch and current can flow 
from one ab plane to the next. This model is depicted on the right-hand side 
of Fig. 2.2. In this model c axis transport is not considered to be important. 
Hensel argues that in high-quality tapes only low-angle grain boundaries ex- 
ist. They are all strongly coupled and thus flux-pinning limits the critical 
current density. There can also be found results that contradict this model. 
In their experiments on extracted single filaments of Bi-2223/Ag multifila- 
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mentary tapes Cai et al. [27] showed that there can still be found signatures 
of c axis transport in the I-V curves. 

A combination of both models is represented by the freeway model pro- 
posed by Riley et al. in 1996 [233]. Within this model the current can find 
its way into and out of a grain preferentially through the contact which has 
the lowest resistance. If there is no ab contact with a neighboring grain a c 
axis contact has to serve as the current path. 

It is most likely that a more general view of current transport across grain 
boundaries has to be taken into consideration. If one takes a closer look at the 
real microstructure of a ceramic superconductor in an electron microscope all 
sorts of grain boundaries can be found. Still, this microstructure has to be 
connected to results about current transport across certain grain boundaries. 
This connection between critical current density and microstructure remains 
a great challenge and plays a crucial role in the understanding of current 
transport in HTSCs. 

2.1.3 Percolation 

Flux pinning and grain boundaries have a strong influence on the critical 
current densities in high-temperature superconductors. But, comparing the 
values of jc of Table 2.1 with the currently reported values of 70 kA/cm^ [234] 
in short samples of Bi-2223/Ag tapes or 25kA/cm^ [83] in longer tapes, it 
appears that these experimental values have as their origin jp, the percolation 
critical current density. Looking at the real microstructure of the core of a 
Bi-2223/Ag tape, one sees that it does not only consist of grains and grain 
boundaries, but there are also spurious second phases and even microcracks 
and voids. Considering the short coherence length, second phases and voids 
of a few hundred nanometers in size are big enough to totally block current 
transport between grains, leading to a percolative current path. This has 
been nicely demonstrated by magneto-optical investigations [216]. Even in 
the very-high- Jc tapes there are microcracks blocking the current path [27]. 
As a consequence only parts of the total cross section of the tape carry 
current. It is assumed that the active current-carrying area is as low as 2% of 
the total cross section used for calculating the critical current density from 
the measured quantity Ic- 

As can be seen from the chemical formula, HTSC materials are compounds 
of four to six elements. This leads to very complex phase diagrams, as will be 
presented in detail in Sect. 3.2. Second-phase precipitation during processing 
is therefore hard to avoid. There are also different reasons for the origin of 
microcracks, voids and porosity, like the mechanical treatment between stages 
of thermal processing, emanation of gases during heat treatment or volume 
reduction due to melt processing. Some of the mechanisms could be identified 
by Zhang et al. [284] for the processing of Bi-2212 tapes. These topics will 
be discussed in more detail in Chap. 8. 
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2.2 Material Processing 

As already mentioned the high-Tc superconductors are compounds of four ~ 
like YBa2Cu307_5 - or even six constituents - like (Pb,Bi)2Sr2Ca2Cu30io. 
As a consequence the phase diagrams are very complicated and can be un- 
derstood only in part. Phase formation in such a multicomponent system 
is accompanied by many coexisting phases, leading to second-phase precipi- 
tates. The situation becomes even more complex when it comes to conductor 
formation. The HTSCs are ceramics and thus brittle materials. Therefore 
wires cannot easily be formed as in the case of NbTi, for example. A ductile 
matrix material had to be found. It turned out that the only metal which 
could be used for this purpose was silver, as it does not react with the su- 
perconducting ceramic. In addition its high permeability to oxygen enables 
the necessary exchange between the reacting core and ambient atmosphere. 
However, the silver cladding adds a further component to the system which 
has to be taken into account. 

HTSC tape fabrication needs various basic processes which have to be con- 
trolled carefully. Mechanical deformation, in the case of Ag/BSCCO compos- 
ites, is necessary to form the green tapes which subsequently undergo thermal 
processing for phase formation. In the case of YBCO-coated conductors vari- 
ous layer deposition techniques are applied. These processes are as important 
as the phase formation and have to be controlled carefully. Owing to the im- 
portance of the materials processing. Chap. 3 will treat fundamentals like 
phase diagrams and conductor formation in detail. 



2.3 Possible Applications 

A great source of motivation for the material development is commercializa- 
tion in useful systems built out of HTSCs. In principle there are two major 
fields of application for bulk and conductor material made from ceramic su- 
perconductors: magnet technology and energy technology. 

2.3.1 Magnet Technology 

Magnet technology is the traditional field of superconductivity and the first 
commercial applications of conventional superconductors were in the field 
of magnets for laboratories and particle accelerators. With the HTSCs a 
further possible application is magnets which can be operated without a 
cryogenic liquid, using a closed-cycle refrigerator. These magnets will run at 
temperatures around 30 K, which is the ideal region for refrigerators. But the 
development of refrigerators has been very busy since the arrival of HTSC 
ceramics. They now reach even lower temperatures with reasonable cooling 
power. Thus the first cryogen-free magnet was built out of NbTi with HTSC 
current leads [112], running at 4.2 K. 
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Still, the competition between conventional and high-Tc superconductors 
is very hard. The only opportunity for HTSC magnets will be in fields where 
the conventional superconductors definitely are at their limit. These areas 
of application are very-high-field magnets and particle accelerators. The bis- 
muth superconductors are able to reach much higher magnetic fields than, 
e.g., NbaSn without becoming normal-conducting. Thus much effort is being 
put into the development of hybrid magnets consisting of NbTi and NbaSn 
magnets with insert coils built from Bi2Sr2CaCu208. Such a high-held mag- 
net is interesting for high-resolution NMR experiments and has been devel- 
oped by Hitachi in Japan in collaboration with the NRIM (National Research 
Institute of Metals, Japan) [143]. 

Particle accelerators need magnets for beam dehection (dipole magnets) 
and focusing (quadrupole magnets). The higher the magnetic helds which can 
be reached with the dipole magnets, the smaller a particle accelerator can be 
built to obtain the same particle energy or the higher the particle energy that 
can be reached by an accelerator of given size. While very-high-held magnets 
are simple solenoids, dipole magnets have a more complicated shape. The 
magnetic held strength produced by dipole magnets is of the order of 7T. A 
magnetic held of this strength causes a pressure of more than one hundred 
atmospheres. As a consequence mechanical stabilization is a major problem 
in magnet design for accelerators. Conductors for this application need to 
have very high mechanical stability. 

At present the only application of HTSCs which could lead to commer- 
cialization in the near future is current leads, especially for accelerator mag- 
nets. These current leads are normally built from copper and consequently 
introduce much heat into the system, which has to be cooled. HTSC cur- 
rent leads would reduce the heat input by an appreciable amount. The Large 
Hadron Collider (LHC), which will be built in Geneva, will have dipole and 
quadrupole magnets using conventional superconductors. The current leads 
are planned to be fabricated from HTSCs [250]. 

2.3.2 Energy Technology 

The idea of lossless current transport in superconductors has encouraged 
much development work in the field of energy technology. Energy transmis- 
sion cables made from HTSCs could meet the increasing energy demand of 
big cities like Tokyo using the old underground lines of the conventional cop- 
per cables. It was estimated that three times the electric power could be 
provided within the same underground cable tunnels by replacing the copper 
transmission cables by HTSC conductors. For that reason power transmis- 
sion cables built from ceramic superconductors are being developed in Japan 
by, among others, the Tokyo Electric Power Company (TEPCO) with great 
effort [238, 248]. 

Other ac systems in the power grid suitable for operation with super- 
conductors are transformers, motors and generators. The efficiency of those 



2.3 Possible Applications 



13 



systems could be enhanced by a few percent, which would provide sufficient 
power savings over the long lifetime of, e.g, a transformer. But crucial for 
the operation of cables and transformers are safety systems which prevent 
damage in the case of a fault current. At present, fault current limiters are 
explosive switches which disconnect a line carrying a fault current from the 
grid. These current limiters are nonrecoverable systems and have to be re- 
placed after a fault current event. A superconducting fault current limiter can 
be a recoverable device as it utilizes the superconducting transition to limit 
the fault current. Such systems are being developed in several parts of the 
world. One prototype, as well as a prototype transformer built of HTSCs, 
has been operated in a power grid for one year in Geneva by ABB [217]. 
However, the high ac losses of the ceramic superconductor still hinder their 
commercial application in this field. 

Magnetic levitation (MAGLEV) offers a further possibility for the ap- 
plication of superconductivity. Magnetically levitated trains are being built 
in Germany (TRANSRAPID [191]) and Japan [259]. But only the Japanese 
system uses superconducting magnets to achieve levitation. At present only 
conventional superconductors are being considered for these magnets. HTSGs 
are being considered as screening devices for the passenger cabins. 

Last but not least, it should be mentioned that superconductivity can 
also be used in energy storage devices. There are two possibilities to store 
energy using a superconductor: energy storage in a magnetic field (SMES: su- 
perconducting magnetic energy storage) and storage as mechanical energy in 
a flywheel. Both systems are being developed. While an SMES under devel- 
opment [116] uses conventional as well as high- Pc superconductors, flywheels 
[19] are being built as rotational magnetic bearings using bulk YBa 2 Gu 307 _ 5 . 
Their field of application is mainly as uninterrupted power supplies (UPS) for 
sensitive companies or power grids. There is not enough space in this book 
to discuss all the possible applications of superconductivity in magnet and 
energy technology in detail, as the book is focused on fundamental aspects. 
Two books, by T. Sheahen [247] and P. Komarek [135], which provide more 
insight are therefore recommended to the interested reader. 

All these systems have a few things in common. For their fabrication, 
a long length of conductor or a large amount of good-quality bulk mate- 
rial is needed. Fabrication processes have to be found which provide reliable 
standard-quality material with reproducible mechanical and superconduct- 
ing properties, sufficiently high critical current densities and affordable costs. 
This is not an easy requirement to meet. On the way a lot of work has to be 
done in understanding the specific properties of the material, and preparation 
processes have to be developed. It is the purpose of this book to provide some 
of the basic information necessary for understanding and optimizing phase 
formation in HTSGs as well as their special electromagnetic properties. 
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The high-Tc superconductors are complex compounds with four to six con- 
stituents. Their crystal structure is anisotropic, leading also to anisotropic 
physical properties. In order to optimize the materials processing and su- 
perconductivity these properties need to be well understood. In detail, a 
basic knowledge of the crystal structure, of the thermodynamics of the phase 
diagrams and phase formation, and of the normal and superconducting prop- 
erties is necessary. In particular, the thermodynamics and kinetics of phase 
formation in Bi-Sr-Ca-Cu -0 silver-clad tapes need to be thoroughly looked 
at, but it has to be emphasized that not all mechanisms are well understood. 

Because of the high anisotropy, the superconducting properties are quite 
different from those of the conventional superconductors. Models of flux dy- 
namics have to be extended to explain observations like giant flux creep in 
the new superconductors. In the following chapters, materials science aspects 
and some important physical properties of the ceramic superconductors will 
be treated in more detail. 

The HTSCs are oxide compounds containing several metals. Their crys- 
tal structure is closely related to the perovskite structure (e.g. SrTiOs). 
All HTSC compounds, with few exceptions, are copper oxides. Only the 
rare-earth (RE) compounds RE-Ba-Cu -0 and the bismuth and thallium 
compounds are considered to be relevant for applications. Material devel- 
opment is most advanced for YBa2Cu307_5 and the bismuth compounds 
Bi 2 Sr 2 CaCu 20 s and (Pb,Bi)2Sr2Ca2Cu30io. Therefore this treatment will 
focus on these three compounds. 

Preparation of these compounds is a challenge. The quaternary system 
YBa2Cu307_5 has a rather simple crystal structure and can be depicted 
in a ternary phase diagram. The five-component system Bi 2 Sr 2 CaCu 208 and 
the lead-stabilized (Pb,Bi)2Sr2Ca2Cu30io with six components, however, are 
more complicated. 
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3.1 Crystal Structure 

3.1.1 The Rare-Earth Compounds 

The compound YBa 2 Cu 307 _a, denoted in the following by the shorthand 
YBCO or Y-123, has the simplest crystal structure among the supercon- 
ducting cuprates. Figure 3.1 shows the tetragonal and orthorhombic phases 
according to [12]. As can be seen, the copper atom has an octahedral oxygen 
neighborhood, which is a signature of the perovskite structure. An impor- 
tant characteristic of all HTSC compounds is two or more adjacent Cu02 
planes, in the case of Y-123 separated by an yttrium atom. The rare-earth 
compounds like Y-123 or Nd-123 are the only representatives of the HTSCs 
which in addition have Cu-0 chains in between the planes. The tetragonal-to- 
orthorhombic transition is coupled to an increase of oxygen content in these 
chains. This oxygen content is crucial for the superconducting properties of 
this material. For x = 1, i.e. in the tetragonal phase, YBCO is insulating. 
Below X = 0.5 the material becomes superconducting but with a low tran- 
sition temperature. With decreasing x, rises and reaches its maximum of 
94 K at X = 0.15. This shows the important role of the oxygen vacancies in 
the superconducting properties of this material. 

barium 

yttrium 

copper 
oxygen 



Fig. 3.1. Orthorhombic (left) and tetragonal [right) phases of YBa 2 Cu 307 _i 





The role of yttrium in the lattice is less important. This was demonstrated 
by exchanging it with rare-earth elements from the lanthanides such as Nd, 
Eu, Gd, Yb, Dy or Sm, which did not change significantly the supercon- 
ducting transition temperature. However, the ionic radius is important as, 



3.1 Crystal Structure 



19 



e.g., Nd can exchange lattice sites with Ba and thus hamper the phase-pure 
preparation of Nd-123. 

Owiirg to the orthorhombic crystal structure, the a and b axes are slightly 
different in length. The exact lengths are given in Table 3.1. This leads to twin 
formation in YBCO. These twins can be made visible as a tweed structure 
under polarized light. Twin formation, oxygen vacancies and lattice distortioir 
due to interchange of Nd and Ba can serve as possible pinning centers for 
vortices as will be discussed below (Sect. r.3). 

3.1.2 The Bismuth Compounds 

The superconductors of the bismuth family consist of five constitueirts and 
sometimes lead iir addition. Their crystal structure is more complicated than 
that of the RE-Ba-Cu-O compounds as there are intercalated layers of Bi~0 
between the Cu02 planes. The general chemical formula for the homologous 
series of the bismuth compouirds is Bi 2 Sr 2 Ca„_iCun 04 + 2 n-i, where n de- 
notes the number of Cu02 planes. Figure 3.2 shows the crystal structure of 
the compounds for n = 1, 2, 3. The indices of the formula are used to con- 
struct the acronyms of the compounds, e.g., Bi-2201, Bi-2212 and Bi-2223 
[179, 196]. The transition temperature rises with increasing number of Cu02 
planes up to n = 3, which gives the highest Tc of llOK. Optimally oxygen- 
doped Bi-2212 has Tc = 92K aird the transition temperature of Bi-2201 lies 
at 10 K. This implies that only the first two compouirds are relevant for ap- 
plications. 




Fig. 3.2. Homologous series of bismuth superconducting compounds for n = 1, 2, 3 
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The crystal structure is tetragonal so there is no twin formation in these 
compounds. However, owing to incorrect stacking of planes, there can be 
intergrowth of Bi-2212 and Bi-2223 within one single grain. This has been 
demonstrated in transmission electron microscopy (TEM) studies [78]. 

3.1.3 Lattice Parameters, Anisotropy and Microstructure 

Important quantities, namely the lengths of the crystal axes, the transition 
temperature and the anisotropy parameter F at optimum oxygen content 
are given in Table 3.1 for the three relevant HTSC compounds. The layered 



Table 3.1. Lengths of crystal axes, transition temperature and anisotropy param- 
eter at optimum oxygen content for the three relevant HTSC compounds 



HTSC 


a (nm) 


b (nm) 


c (nm) 


Tc (K) 


r 


Y-123 


0.38 


0.39 


1.2 


94 


5 


Bi-2212 


0.54 


a = b 


3.09 


92 


10 


Bi-2223 


0.54 


a = b 


3.70 
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crystal structure causes highly anisotropic electrical properties. The electrical 
conductivity along the ah plane is much higher than along the c axis. This 
is quantified by different effective electron masses in the different crystal 
directions. So the anisotropy parameter is defined as T = ^Jmclruab- 

The anisotropic crystal structure of the HTSC compounds also leads to 
anisotropic crystal growth. The growth velocity within the ab planes is much 
larger than in the c direction. The microcrystals grow as thin platelets several 
hundred microns in size along the ab planes and less than ten microns in size 
in the c direction. In a polycrystalline material these platelets are randomly 
stacked and some effort has to be undertaken to induce texture into the 
ceramic. Commonly used methods to obtain textured growth are applying a 
temperature gradient during thermal processing and uniaxial pressure before 
or between thermal cycles. Nevertheless, twin formation in YBCO cannot be 
avoided. The twins can only be removed afterwards by applying high pressure 
in order to align the a and b axes. The typical tweed structure produced by 
twins in polarized light is shown in Fig. 3.3. Large monolithic mixed crystals 
of Y-123 with Y-211 inclusions are grown by melt texturing, which will be 
described in more detail in Sect. 3.3. These bulk samples consist of either only 
one grain or a few grains, often with high-angle grain boundaries in between. 
Figure 3.4 exhibits such a grain boundary and the typical platelet structure 
of the YBCO grains. In Fig. 3.5 the very-fine-grained microstructure of a 
sintered pellet of the same material is shown for comparison. 

In Bi-2223 melt growth is not possible as the material melts irreversibly 
when heated above the melting temperature. Thus for preparation of tapes 
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Fig. 3.3. Optical micrograph of twins 
in melt-textured YBa2Cu307_i 




Fig. 3.4. Optical micrograph of 
platelets and grain boundaries in melt- 
grown YBa2Cu307_i 



from this superconductor, uniaxial pressing or rolling is used to induce texture 
into the ceramic core. This leads to stacking of the platelet-like microcrys- 
tals, with a preferred orientation of the c axes normal to the tape plane. 
Figure 3.6 shows the ceramic core of a Bi-2223 tape taken by scanning elec- 
tron microscopy (SEM). The preparation process will be discussed in more 
detail in Sect. 3.4. The microstructure shows the typical laminar growth. The 
platelets are very thin and the stacking is imperfect. The typical size of the 
platelets is 10 pm in the ab planes and 1-3 pm in the c direction. There are 
different kinds of grain boundaries, and large voids between grains, which 
clearly manifests the need for optimization of the microstructure in this ma- 
terial. 





Fig. 3.5. Optical micrograph of a sin- Fig. 3.6. SEM micrograph of the ce- 
tered pellet of YBa2Cu307_5 ramie core of a Bi -2223 tape 
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3.2 Phase Diagrams and Phase Formation 

As already emphasized, HTSCs are multicomponent systems. Consequently 
phase formation in these materials is very complex. Nevertheless, phase for- 
mation is crucial to understand, as it is closely connected to the microstruc- 
ture, which in turn is responsible for the mechanical and electrical properties. 
This leads us to the concept of phase diagrams, which describe the equilibrium 
between different phases. A phase diagram contains all the information about 
possible phases and their coexistence at a given temperature and/or pressure 
at thermodynamic equilibrium. It does not contain information about the 
reaction kinetics, which is very important too. To understand the formation 
of phases and microstructure in the HTSCs one has firstly to know the phase 
diagram and secondly the reaction kinetics. But the phase diagram contains 
the basic information. For a clear presentation of the subject, basic terms, 
concepts and rules starting from equilibrium thermodynamics will be given 
in the beginning of this section. 

3.2.1 Basic Concepts 

To start with, some often-used terms will be introduced. 

• Component. Components are the elements and/or compounds which are 
considered as the basis for phase formation 

• System. A system is the series of possible phases which can be formed by 
a given set of components, for example the iron-carbon system. 

• Phase. Every homogeneous portion of a system with uniform chemical and 
physical characteristics is a phase. Systems consisting of only one phase are 
called homogeneous, multiphase systems are called heterogeneous. Most real 
systems are heterogeneous. 

• Phase boundary. A phase boundary separates phases which differ either in 
chemical or physical characteristics or in both. For example ice, water and 
water vapor are phases with different physical properties, while an over- 
saturated solution of water and salt contains phases that differ chemically 
and physically. One is a solution of H2O, and NaCl, and liquid; the other 
is pure NaCl, and solid. 

• Phase equilibrium. In heterogeneous systems several phases can coexist 
in time. The condition for this coexistence is given by thermodynamics. 
A well-known phase equilibrium exists at the triple point of H2O, where 
water, ice and vapor can coexist. 

The concept of phase equilibrium is important for the discussion of phase 
diagrams. Therefore the basic thermodynamics will be addressed briefly. 

Chemical reactions in alloys or multicomponent systems normally take 
place in a furnace under ambient or controlled pressure. Thus T and p are 
the relevant external variables. To discuss equilibrium in such a system, we 
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have to consider, therefore, the thermodynamic potential which is connected 
to these variables, the free enthalpy or Gibbs free energy 

G = E-TS + pV , (3.1) 

where E is the internal energy of the system, S the entropy and V the volume. 
In equilibrium at constant pressure, G has a minimum: 

dGry = dE-TdS + pdV = Q. (3.2) 



In addition we have to take into account the fact that material can be ex- 
changed between phases. A change of the free enthalpy at constant tem- 
perature and pressure is the consequence. If dnt is the number of atoms or 
molecules of the component i added to a phase, G changes proportionally to 
drii by pi dni, where pi is the chemical potential of the component i. When 
several components are added, it follows from the first and second Laws of 
thermodynamics that 

dG = Vdp — SdT + Pi dni . (3.3) 



Then pi can be defined as 



fJ-i = 



dG 

dui 



T,p,rij 



(3.4) 



From the equilibrium condition (3.2) it now follows that 

'^Pidni = 0. (3.5) 

i 

If there are two phases a and j3 present in a system with components A and 
B at a certain temperature and pressure, the following condition also has to 
be valid: 

^ /x“d<-k ^ /ifdnf = 0. (3.6) 

2— A,B z— A,B 



With dn“ = dnf it follows that 

{hi- /A)^nA + {p^- p^)duB = d. (3.7) 

As the phases a and j3 should be in equilibrium concerning exchange of A 
and B, we finally obtain 

p 1 = p{ and p'^ = p^, (3.8) 



meaning that the chemical potentials of two phases in equilibrium have to be 
equal for all components. 
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A more general consideratioir leads to the Gibbs phase rule. Let us con- 
sider a system with C compoireirts and P phases iir equilibrium. A total of 
C concentrational variables is ireeded to describe oire phase, aird thus PC 
variables are needed to describe the system. There are P relations between 
the concentrational variables like 

rii + U 2 + ns + ... + ric = I , (3.9) 

aird for each compoirent there exists a set of equations of the kind (3.8). 
There are P — 1 equations in each such set, for C components, i.e. C{P — 1) 
equations. The number of independent variables or degrees of freedom F is 
now obtained by finding the difference between the total number of equations 
and the number of variables in the system: 

F = PC + 2-P - C{P - 1) , 

F = C-P + 2. (3.10) 

This is the general expression for the number of degrees of freedom in a 
system of C components and P phases. Equation (3.10) is called the Gibbs 
phase rule. 

During processing one degree of freedom is normally kept constant, for 
example pressure. In a one-component system there cair be at maximum 
F = 3 — P, which means three phases iir equilibrium. The system their no 
longer has any degrees of freedom (e.g., the triple point of water). 

A more detailed discussion of phase diagram calculations and their ther- 
modynamics is given by Haasen [82] and Castellan [35]. 

3.2.2 Binary Phase Diagrams 

The concept introduced above will now be applied to example systems. As 
the first example, a fictitious binary phase diagram will be discussed at con- 
stant pressure (Fig. 3.7). The concentrations of the two components A and B 
are given on the x axis, while the y axis is the temperature. At point A the 
mixture contains 100% A, and at point B 100% B. With iron and carbon as 
the two components we would get the very important phase diagram of steel. 
Above the temperature Ti the system is completely liquid. The boundary 
line below which one or two components become solid is called the liquidus 
line. Below this Hire there are several regimes in which either component A 
condenses into the solid phase a or component B condenses into the solid 
phase p. The solid phases are still mixed with the liquid of the other com- 
ponent. Furthermore, in this example, there exists a compound A 3 B at a 
concentration of 75% A and 25% B on a line below T 2 . 

If a reaction starts at point LI in the liquid region it runs on a vertical line 
until it reaches the liquidus line. There component B starts to precipitate as 
solid and the concentration in the mixture /3 -I- liquid is shifted. The reaction 
now runs along the liquidus line until it reaches point E, where also A 3 B 
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starts to precipitate as a solid phase. Now the two solid phases exist as a 
conglomerate. Point E is called the eutectic point and the two phases form a 
eutectic. This eutectic will also be formed when starting from point L 3 . 

The concentrations of the components in one phase are determined by 
the lever rule. Starting from point L 2 , the reaction meets the liquidus line A 
and starts to condense into the solid phase a. The concentration and the 
liquid concentration ni, at a certain temperature are then given by 



til dL 

7lfy da 



(3.11) 



A more complicated case appears on heating the compound A 3 B to T 2 . 
The vertical line ends here. This means the compound decomposes into the 
liquid and the solid phase a; it melts incongruently. Such a reaction is called 
a peritectic reaction and it follows the equation 



A^B — > a + liquid . (3.12) 

Starting from point L 2 with an exact mixture of 1:3 A:B, upon cooling compo- 
nent A starts to solidify first. At temperature T 3 the remaining liquid consists 
of 50:50 A:B. That means that A 3 B can only be formed by incorporating A 
from the solid phase a. This has to take place via solid-state diffusion and 
thus at this point the reaction becomes very slow. That this can be a prob- 
lem in real systems, especially in the phase formation of HTSC materials, 
will become clear below. 
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3.2.3 Ternary Phase Diagrams 

The two-component system with only one degree of freedom (temperature) 
could be depicted quite easily in two dimensions. For the representation of 
a three-component system the third dimension has to be included. We then 
obtain a ternary phase diagram, with liquidus surfaces instead of liquidus 
lines. The base of such a ternary phase diagram is depicted in Fig. 3.8 as a 
triangle with the components A, B and C on the corners. Their concentrations 
are drawn as a triangular lattice. 



Fig. 3.8. Base of a ternary phase dia- Fig. 3.9. Isothermal slice of a ternary 
gram for the components A, B and C phase diagram 

Taking into account the temperature as the 2 : axis, we get a three- 
dimensional object. Such a fictitious ternary phase diagram is shown in 
Fig. 3.10. In this example the binary subsystems of the ternary systems are 
all eutectic. In a ternary system many more compositional variables have 
to be considered. As a consequence the cooling route is very important and 
the end product depends strongly on the starting composition as well as on 
the solidification route. Let us start at point L in the liquid phase. Upon 
cooling, the liquidus surface of the solid phase a is crossed and this phase 
condenses, enriched in component A. Further cooling takes place along the 
liquidus surface and the remaining liquid gets richer in B and C, while more 
and more solid-phase a precipitates until the eutectic trough is reached. At 
this trough, mixed crystals rich in B start to solidify. The concentration of 
the melt moves along the eutectic trough to the ternary eutectic point E and 
finally solidifies into a ternary eutectic. 

At any given temperature an isothermal slice can be cut from the ternary 
phase diagram (Fig. 3.9). Another important point can be made clear here. 
The liquidus lines of the two phases a and L are connected by tie lines, which 
show the different compositions of liquid and solid phase in equilibrium at 
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that given temperature. Tie lines correspond to the lines of constant temper- 
ature in the two-phase region of a binary phase diagram. Thus the lever rule 
(3.11) can be used to determine the concentrations of the various phases. 

The ternary phase diagram contains rather complex information. In order 
to concentrate on a certain region of interest, a vertical cut section can be 
taken at a relevant concentration. The result is a pseudobinary phase dia- 
gram. An example is given in Fig. 3.10, where the section has been taken at 
80% A/20% B - 60% C/40% B. The disadvantage of this simplification is that 
important information may be lost in the process. 



We can consider Fig. 3.10 further. Starting with the stoichiometric com- 
position of point L, the solidification reaction ends at point E with the cor- 
responding composition and second phases. However, phase diagrams are 
evaluated under the assumption of thermal equilibrium. Thus the reaction 
described is also considered to take place under thermal-equilibrium condi- 
tions. But in a real reaction this is not necessarily the case. Some reactions 
are very slow and consequently the cooling process may be too fast to ther- 
mally equilibrate the system. This shows that the reaction kinetics are also a 



L 




Fig. 3.10. Binary subsystem 
of a ternary phase diagram 
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very important factor, not considered in phase diagrams. Therefore a prepa- 
ration process needs to be labeled with all important details, not only the 
concentration and phase composition of the precursor material and the re- 
action temperature, but also the reaction time as well as the heating and 
cooling rates. 

3.2.4 The Phase Diagram of Y Ba Cu O 

With the basic concepts in mind let us now consider the real systems, starting 
with Y-Ba-Cu-0. This obviously is a quaternary system. Three dimensions 
were necessary to represent a ternary system. Systems with more than three 
components cannot be depicted in a diagram; they have to be reduced. The 
system Y-Ba-Cu-0 is reduced by considering the metal oxides as compo- 
nents of a corresponding ternary system. That is, yttrium oxide (Y 2 O 3 ), 
copper oxide (CuO) and barium oxide (BaO) or barium carbonate (BaCOa)^ 
are used as the corners of the base of a ternary phase diagram. This base is 
shown in Fig. 3.11 [1] . The shaded area is depicted as a ternary phase diagram 
in Fig. 3.12 [180, 269]. The relevant corner points are CuO, Y-123 and Y-211. 
One important feature of this phase diagram is that again the reaction route 



BaO 




Fig. 3.11. Base of the Y 203 -Ba 0 -Cu 0 
phase diagram (after [1]) 




Fig. 3.12. Ternary phase diagram of the 
shaded area in fig. 3.11 containing Y-123 
and Y-211 [180] 



is most important. Let the reaction start at a temperature above 1230°C 
with the exact stoichiometric composition of Y-123, as indicated in Fig. 3.12. 
Despite starting with the exact stoichiometric composition, the end product 
will mainly consist of Y-211, BaCuOa and CuO instead of Y-123. The reason 
is that the stoichiometric composition Y-123 lies within the primary phase 
field of Y-211. A comparable situation occurred in Fig. 3.10. Upon cooling 

^ In fact BaO is necessary for the reaction, but it reacts quite strongly with ambient 
air to form BaCOa. 
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Fig. 3.13. Primary phase field of Y-211 
and Y-123 [247] 




Fig. 3.14. Pseudobinary section of the 
phase region of YBa 2 Cu 307 _« show- 
ing the small stability region of 
YBa 2 Cu 307 _« as the shaded area 
[180] 



from point L the solid phase a was the first to solidify. Point L thus lies 
within the primary phase field of a. Accordingly, in Fig. 3.12 Y-211 is the 
first phase to solidify. In Fig. 3.13 this is made clear by superimposing the 
primary phase field of Y-211 as a shaded area onto the base of Fig. 3.11 [247]. 
The primary phase region of Y-123 is depicted as a black area in the same 
figure, showing that it is comparably small. 

It is quite clear that, because of these peculiarities, it is not easy to pro- 
duce phase-pure Y-123. In fact one has to work off-stoichiometric in the 
copper-rich region. In this region, however, according to the lever rule (3.11), 
only very little Y-123 will precipitate, revealing the major problem in growing 
single crystals of this material. One has to get rid of the copper-rich phase 
by decantation, and the small single crystals (some 100 |4m in size) have to 
be separated from the unwanted second phases. 

In Fig. 3.14 a pseudobinary phase diagram is drawn from the point Y-123 
to the point F on the Ba-CuO concentration line. This shows how small the 
phase-pure region of Y-123 is in temperature range (around 960°C) as well 
as in concentration. But to make the best out of the given situation, melt- 
textured growth processes have been applied to obtain large mixed crystals 
of Y-123 with Y-211 inclusions that serve as efficient pinning centers. This is 
made clear by a closer look into the pseudobinary phase diagram (Fig. 3.15, 
from [237]). This phase diagram is drawn along a tie line between Y-211 and 
Y-123 from the Y 203 -Ba 0 to the CuO-BaO concentration line. There are 
two peritectic points and one eutectic point. The two peritectic reactions are 

122^ 211 -b liquid, 1015°C < Tp < 1300°C ; (3.13) 

211 -b liquid ^ Y 2 O 3 + liquid, 1300°C < Tp < 1500°C. (3.14) 
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Fig. 3.15. Pseudobinary phase diagram of 
Y-Ba-Cu-O drawn between Y-211 and Y- 
123 from the Y20a-Ba0 to the CuO-BaO 
concentration line [237] 



These reactions are used to produce large monolithic ceramics of Y- 123 with 
Y-211 inclusions. A detailed description of the melt-texturing process will be 
given below. 

3.2.5 The Phase Diagram of Bi(Pb) Sr Ca Cu O 

The bismuth superconductors consist of five or, if lead-stabilized, even six 
components. This means that the phase diagram in this case has to be re- 
duced, too, by taking the metal oxides as components and by incorporating 
lead into the bismuth oxide. As a result we obtain the quaternary phase di- 
agram with the corner points Bi 203 , SrO, CaO and CuO, which is depicted 
in Fig. 3.16 [182]. Several phase-pure regions are depicted in this diagram. 



SrO 




Fig. 3.16. Quaternary phase diagram of Bi-Sr-Ca-Cu-O at 850°C in air [182] 
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which is valid at 850°C in air. In the middle of the diagram the Bi-2201 
phase (also called the Raveau phase), the Bi-2212 phase and the very small 
region of the Bi-2223 phase can be found. Again regions of interest have to 
be presented as sections of the original phase diagram, taking into account 
the loss of information. In Fig. 3.17 a pseudoternary section containing the 
Bi-2212 and Bi-2223 phases is shown. 

The Bi-2212 phase exists phase-pure over a certain region; that means 
that the Bi, Sr, Ca and oxygen contents can vary around the ideal stoichiom- 
etry of Bi2Sr2CaCii208. The role of the oxygen content will be discussed 
separately. As in YBCO the primary phase field of Bi-2212 does not con- 
tain the ideal composition. This implies that a stoichiometric sample almost 
always contains second phases as impurities. The most common phases are 
Ca2Cu03, Sri4_a;Caa;Cu2404o-y with x ~ 7 (14:24 alkaline-earth cuprate) 
and Sri4_a,CaxCu2404o-y (copper-free phase) with x ~ 1. 



Fig. 3.17. Pseudoternary section of the Bi-Sr-Ca-Cu-O phase diagram at 850°C 
in air [182] 

The single-phase region of (Pb,Bi)2Sr2Ca2Cu30io is very small. As in 
the other two cases, the stoichiometric compound does not lie in the primary 
phase field. Through substitution of bismuth by lead, the single-phase region 
can be enhanced and phase stability improved. The stability region is shifted 
from 840°C - 890°C to 830°C - 860°C. Figure 3.18 shows a pseudobinary 
phase diagram based on the tie line between Bi-2201, Bi-2212 and Bi-2223. 
The presentation reveals some of the phase equilibria and stability regions. 
With increasing n in Bi2Sr2Ca„_iCu„04+2Ti-i the melting temperature and 
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Fig. 3.18. Pseudobinary section between Bi-2201 and Bi-2223 



stability region decrease. For n = 2 Bi-2212 is stable up to 895°C, where 
it melts incongruently. From the glass phase, Bi-2212 can be obtained at a 
temperature above 650°C. The Bi- 2223 phase has a very small phase stability 
region of width 50°C below 890°C. The Bi-2201 phase is very stable from 
below 650°C up to 910°C. The exact lower phase boundary is not known. 
Bi-2223 is obtained very slowly from a solid-state reaction, while Bi-2212 can 
be melt grown. The Bi-2223 crystallization can be accelerated if there is a 
liquid phase present in a multiphase sample. It is assumed that this is the 
role of the lead substitution, to produce liquid calcium plumbates to support 
the reaction. 
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The equations for the equilibrium reactions of the two- and three-layer 
bismuth compounds are 



There are many more coexisting phases for Bi-2212 than for Bi-2223, as can 
be seen from the tables in [181]. In [181, 182] Majewski discusses the phase 
formation in the Bi-Pb-Sr-Ca-Cu-0 system in great detail. 

Again it has to be mentioned that phase diagrams contain only infor- 
mation about phase coexistence in thermodynamic equilibrium. As in the 
case of YBCO, reaction kinetics play an important role in the phase forma- 
tion of the bismuth compounds. An additional problem arises from the fact 
that carbonates are used as precursor powders, BaCOa for the preparation 
of YBaaCusOr-a and SrCOs or CaCOa for the preparation of the bismuth 
materials. Through these precursors and the ambient atmosphere carbon is 
introduced into the starting powders, and thus carbon is present as an ad- 
ditional component in the system. Furthermore, when considering conductor 
fabrication from the bismuth superconductors, the silver cladding has to be 
taken into account as a further component. Because of its practical impor- 
tance the latter issue will be discussed in more detail in a later section. 

3.2.6 Oxygen Content 

In order to reduce the number of components and to achieve easier under- 
standing, the phase diagrams were represented above with the metal oxides 
as basic components. This is a simplification because the oxygen content still 
plays a crucial role and has to be taken into account. 

In YBa2Cu307_5 ceramics oxygen can diffuse easily along grain bound- 
aries. Within the copper oxide chain the oxygen bond is not very strong; 
thus adding oxygen to these chains or removing it is quite easy. The oxygen 
concentration can vary in the range 0< S <1. At <5 = 0.5 the crystal struc- 
ture changes from tetragonal to orthorhombic. Only the orthorhombic phase 
is superconducting. The structural phase transition shows up in the lattice 
constants. In Fig. 3.19 the length of the crystal axes as a function of oxygen 
content measured by x-ray diffraction (XRD) [38, 114] is shown. 

In the orthorhombic phase the superconducting transition temperature is 
a function of oxygen stoichiometry, as is depicted in Fig. 3.20, where Tc and 
the electronic states are shown as a function of <5. There are two plateaus, 
at 60 K and 90 K. For <5 >0.7 the material undergoes a metal-insulator 
transition. In the insulating state YBa2Cii307_5 shows antiferromagnetic 
ordering. 

The bismuth compounds tend to have an oxygen surplus. The stoichiom- 
etry can vary from 8 to 8.3 in Bi2Sr2CaCu208 and from 10 to 10.8 in 
(Pb,Bi)2Sr2Ca2Cu30io. There is also a variation of transition temperature 



Bi-2201 -k 1 /2 Ca2Cu03 -k 1 /2 CuO ^ Bi-2212 , 
Bi-2212 -k Ca2Cu03 -k CuO ^ Bi-2223 . 



(3.15) 

(3.16) 
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Fig. 3.19. Lattice parameters as a function of oxygen concentration S in 
YBa2Cu307_j [114] 





Fig. 3.20. Tc and electronic states in Fig. 3.21. Tc as a function of oxygen 
YBa 2 Cu 307_5 as a function of the oxy- doping in poly crystalline Bi-2212 [197] 
gen content [36] 



with oxygen stoichiometry in these materials. Optimally doped Bi-2212 has 
a Tc of 92 K. The transitioir temperature Tc as a function of oxygen conteirt 
is depicted in Fig. 3.21 for polycrystalline Bi-2212 [197]. 



3.3 Melt Processing of YBa 2 Cu 307_5 

Preparation techiriques for technical high-temperature supercoirductors differ 
substairtially from single-crystal growth processes. Oir oire hand, for system 
design much more material is needed than can be prepared in a reasoirable 
time by single-crystal growth. Oir the other haird, the perfection of siirgle 
crystals may irot be useful as defects are needed as pimring ceirters. Thus 
processes have been developed to produce large amounts of HTSCs for tech- 
irical applications. 

One of these processes is the melt-textured growth (mtg) of large, mono- 
lithic YBa 2 Cu 307_5 samples. When YBa 2 Cu 307 _i was discovered [178], 
for some time it could only be produced as pressed and sintered pellets. 
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The sintering temperature was slightly below the melting temperature of 
YBa 2 Cu 307 _ 5 . The critical current densities which could be achieved with 
these samples were disappointingly low. The reason was that in these very- 
fine-grained materials a large number of high-angle grain boundaries are 
present, which carry nearly no supercurrent as is known from bicrystal ex- 
periments [91]. 

3.3.1 Melt Growth Processes 

All melt growth processes are based on the phase reactions described in 
Sect. 3.2.4. The first processing scheme, applied by Jin et al. in 1988 [113], 
consisted of heating a sintered pellet of stoichiometric YBa 2 Cii 307_5 above 
its melting point and subsequently cooling down slowly to enable recrystal- 
lization. Bulk samples prepared by this method were still very polycrystalline 
but their critical current densities turned out to be slightly higher than in sin- 
tered samples. In the following years this process was modified and improved 
by several researchers. The first improvement was achieved by Salama and 
coworkers [236] by introducing the liquid-phase processing (LPP) technique. 
As in the process used by Jin et ah, a stoichiometric sintered pellet is heated 
above the first peritectic temperature of 1015°C. But in contrast to the first 
process, a dwell time is introduced at that elevated temperature in order to 
obtain a homogeneous melt. After the dwell time the melt is cooled rapidly to 
a temperature slightly above the melting temperature and then subsequently 
cooled very slowly to a temperature well below the melting point. This again 
enables slow recrystallization. The schematic temperature-time diagram is 
shown in Fig. 3.22. 




Fig. 3.22. Temperature-time diagram of the LPP process after Salama [236] 
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The technique introduced by Murakami et al. [204] is called the melt pow- 
der melt growth (MPMG) process. Murakami et al. added a further step to 
the LPP process, in which the precursor powders of Y 2 O 3 , CuO and BaCOs 
are heated above the second peritectic temperature of YBa 2 Cu 307_5 (1300°C) 
After a short hold at this temperature the melt is quench-cooled, crushed 
and pressed again into pellets, which now undergo an LPP processing. This 
additional step provides an even more homogeneous distribution of the con- 
stituents. The schematic time-temperature diagram is shown in Fig. 3.23. 




Fig. 3.23. Processing scheme of the MPMG process after Murakami et al. [204] 



Further techniques use temperature gradients in the furnace to achieve 
directional solidification. Thus the degree of texture in the material is higher, 
and only low-angle grain boundaries are introduced. Ulrich and coworkers 
[260] used a modified Bridgman technique where a hot zone is driven through 
a rod-shaped sample in a multizone furnace. The traveling melting zone also 
leads to directional solidification. 

All the processes described take advantage of the special features of the 
Y-Ba-Cu-0 phase diagram as depicted in Fig. 3.15. As already mentioned 
above, the stoichiometric composition of YBa 2 Cu 307_5 lies within the pri- 
mary phase field of the insulator Y 2 BaCu 05 (Y-211). As a consequence this 
compound is obtained first upon cooling from the melting point. At first 
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glance this seems to be a disadvantage. But it turns out that inclusions of 
Y-211 within the Y-123 significantly enhance the critical current density. 
That means that these precipitates or, more precisely, the lattice distortions 
around them serve as efficient pinning centers. Owing to the short coherence 
length in this material it is better to have very small submicron-sized precip- 
itates which are homogeneously distributed throughout the sample. The goal 
of all melt growth processes therefore is to prepare large, monodomain mixed 
crystals of Y-123 and Y-211 where the Y-211 inclusions are of submicron size 
and finely dispersed in order to achieve high critical current densities. 

A model for the growth of Y-123 with Y-211 inclusions was proposed by 
Cima et al. [37] and will be described using Fig. 3.24. When the material 
is heated above the second peritectic temperature, only Y 2 O 3 remains as a 
solid; thus yttrium can be finely dispersed in the melt. Upon cooling below 
this temperature, Y-211 is obtained as a solid phase. Upon further cooling 
below the first peritectic temperature, Y-123 recrystallizes at the solid-liquid 
interface. Thus Y-123 crystals grow around the Y-211 particles as depicted 
in Fig. 3.24. In order to form the Y-123, yttrium from the Y-211 phase has to 
be incorporated. This can only happen through solid-state diffusion, which 
is a very slow process. Once the Y-211 particles are completely surrounded 
by Y-123, material from the interior of the inclusion is no longer transported 
into the melt. That is, if the preparation is started with a stoichiometric 
composition of the precursors there is a lack of yttrium in the solid Y-123 
phase and thus BaCuOa remains as a second phase, preferentially at grain 
boundaries. Hence an off-stoichiometric precursor composition is used with 
up to 50% yttrium surplus. In order to reduce the size of the Y-211 inclusions, 
addition of platinum oxide or cerium oxide has proved to be useful [ 121 ]. 




Fig. 3.24. Growth model for Y-123/Y-211 mixed crystals [237] 
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3.3.2 Top-Seeding Technique 

For technical applications monolithic samples consisting of only one or a 
few well-connected grains are desirable. One method to achieve monodomain 
crystals is the aforementioned Bridgman technique, which, however, is fairly 
expensive. A breakthrough in the inexpensive growth of large amounts of 
high-quality ceramic YBCO samples was reached when an old crystal growth 
technique was applied: using a seed crystal [157]. In this top-seeding tech- 
nique RE-123 crystals with a higher melting temperature than Y-123, like 
Sm-123 or Nd-123, are put on top of the precursor pellet. These crystals are 
about one by one millimeter wide and 100 pm thick and need not be of very 
high quality. During recrystallization they serve as nucleation centers where 
crystallization starts, and directional solidification occurs from the seed crys- 
tal. For large samples more than one seed crystal is used. With this method 
it is possible to grow large amounts of monodomain samples without heating 
above the second peritectic temperature. Various institutes around the world, 
such as the Institut fiir Physikalische Hochtechnologie (IPHT) in Jena [59], 
the Forschimgszentrum Karlsruhe (FZK) [115] and the Texas Center for Su- 
perconductivity at the University of Houston (TSCUH) [284], are producing 
large amounts of single-domain YBa 2 Cu 307_5 samples of various shapes. 



3.4 Tape and Wire Fabrication 

Heike Kammerlingh Onnes [118] dreamed the dream of superconducting mag- 
nets and current transport without losses. It took 50 years before his findings 
led to the first commercially available superconducting NbTi magnet. Lossless 
energy transportation still remains a dream. But with the arrival of HTSCs 
this dream became more realistic. Therefore, from the very beginning of the 
material development of HTSCs, materials scientists tried to make conduc- 
tors out of these materials. The first trials to produce conductors out of 
YBa 2 Cu 307_5 were without success owing to the already mentioned grain 
boundary problem. Hence conductor development concentrated on the prepa- 
ration of BSCCO wires and tapes. Only recently has a second generation of 
YBCO coated conductors led to promising results. In the following, different 
preparation techniques will be addressed and some will be described in more 
detail. 

3.4.1 Conductor Fabrication Processes 

The main problem of the HTSCs is that they are ceramic materials and thus 
cannot be directly deformed into a wire like the metallic superconductor 
NbTi. There must be a matrix as a carrier or flux for the brittle material, 
similar to that used for NbsSn. Copper is used as a matrix for conventional su- 
perconductors but it is a bad choice for the HTSCs because it reacts strongly 
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with these materials, as they all are cuprates themselves. Silver is adequate 
but fairly expensive; nevertheless it remains the only possibility, apart from 
some of its alloys. Two principal arrangements of conductor formation have 
been and are still being pursued, dip coating of silver tapes and the powder- 
in-tube (PIT) technique. All other techniques are more or less variations of 
these. 

Three main coating techniques have been reported: electrophoresis, dip 
coating and the doctor blade technique. The electrophoresis technique takes 
advantage of the anisotropy of the precursor material to deposit thick films 
on a conducting silver substrate in an electric field [89, 98, 267]. The super- 
conductor is then formed by thermal processing. The other two techniques 
use a solution of precursor powder in an organic solvent. Either the silver 
tape is dip coated by dipping it into the solution or the ink is pasted onto 
the tape with a doctor blade. In all cases there has to be a thermal treatment 
afterwards. These thick- film coating techniques are cheap and can easily be 
upgraded to continuous coating. In particular, in Bi-2212 tape production, 
dip coating is still used [60, 86, 199] as this material does not need inter- 
mediate mechanical treatment. However, critical current densities in Bi-2212 
dip-coated tapes can be significantly improved by introducing an intermedi- 
ate rolling step, as has been shown by Furukawa Electric in Japan [194] very 
recently. With their so-called PAIR (preanneal and intermediate rolling) pro- 
cess they achieved jc = 900 000 A/cm^ at 4.2 K in zero field and still 500 000 
A/cm^ in 1 T [193], which is the world best value for Bi-2212 tapes. 

Tape conductors using the Bi-2223 compound can only be produced by 
the PIT process as intermediate mechanical treatment is crucial. Upscaling 
to long-length conductor fabrication is not quite as easy with the PIT process 
as with the dip-coating technique. Nevertheless several companies have suc- 
ceeded in producing long tapes of Bi-2223, and Bi-2212 as well. The highest 
critical current densities reached so far with the PIT technique are 70 kA/cm^ 
at 77 K in zero field for Bi-2223 by American Superconductor Corp. [234] and 
470kA/cm^ at 4.2 K in zero field by Hitachi [205]. An extensive review of 
preparation processes of BSCCO wires and tapes is given by Hellstrom [94] . 

3.4.2 Green-Wire Fabrication Using the PIT Process 

Important stages of the PIT process are the choice and preparation of the 
precursor powder and sheath material, the filling and deformation of the filled 
tubes to green wires or tapes, and the final thermal treatment and formation 
of the superconductor within the cladding. The strongly two-dimensional mi- 
crostructure of the BSCCO materials is very advantageous in this process. 
Owing to the platelet structure the microcrystals easily glide over each other 
during deformation, thus favoring the texture formation. This does not hap- 
pen with YBCO. This is one reason why the PIT process did not work in the 
latter material. 
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There is no significant difference in the preparation of Bi-2223 and Bi-2212 
green tapes so the following is valid for both materials. The PIT process with 
its different stages is depicted schematically in Fig. 3.25. 
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Fig. 3.25. Schematic outline of the powder-in-tube (PIT) process 



The processing parameters are the following: 

• precursor composition 

• powder pretreatment 

• sheath material 

• sheath material pretreatment 

• filling 

• compacting of the filled material 

• pretreatment of filled tubes 

• deformation 

• stacking to multifilaments 

• thermal or thermo- mechanical treatment. 
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Precursor Powders 

Fully reacted Bi-2212 is used as the precursor powder for Bi-2212 conductor 
fabrication, and Bi-2212 -|- CaCOa -I- CuO -I- SrO in the appropriate stoi- 
chiometry is the starting mixture for Bi-2223 tape preparation. The cation 
stoichiometry can vary. Often a slightly overstoichiometric content of Bi and 
Ca is used. The mean grain size of the powder is also an important factor. 
Grain sizes of 5 |4m and lower are preferable The powder has to be carefully 
calcined in order to transform the carbonate into an oxide, as carbon is harm- 
ful to the thermal processing because it resides at grain boundaries in the 
final tapes, as could be shown [.55]. 

Sheath Material 

The sheath material is either silver, or a silver alloy such as Ag/Cu, Ag/Au 
or silver with a small amount of Mg. The tubes have to be cleaned very 
carefully as organic impurities such as oil or grease also introduce carbon 
into the system. 

Filling and Compacting 

The precursor material is filled into the sheath with mechanical agitation 
to achieve high powder densities. Methods such as cold and hot isostatic 
pressing (HIP, CIP) of the precursor powders and filling the resulting rods 
into the silver sheath have also been applied in order to obtain high filling 
densities. The highest densities, however, which can be achieved are around 
40%. 



Pretreatment of Filled Tubes 

A heat treatment in vacuum for one or two days may follow before deforma- 
tion. This step is useful for removing moisture from the compacted powder 
within the tube. 

Mechanical Deformation 

The principal deformation methods are extruding, swaging, drawing, rolling 
and pressing. Extrusion and swaging are necessary when starting with very- 
large-diameter batches in order to produce long lengths of conductor (100m 
to 1km). For smaller batches of up to 100 m length, rolling or drawing is 
sufficient as an initial deformation step. In order to produce very-high- jc short 
samples, intermediate pressing is used during thermo-mechanical treatment. 
Rolling, however, is a more suitable technique for continuous production. The 
critical current densities of rolled samples are on average lower than those of 
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pressed tapes. The reason is that the stress and strain distributions of the 
various deformation techniques are very different. Rolled samples tend to have 
microcracks normal to the rolling direction, which hinder current flow more 
efficiently than cracks parallel to the rolling direction, as produced by pressing 
[215]. Nevertheless cracks are produced during mechanical deformation owing 
to the brittle nature of the superconducting ceramic. A very detailed review 
of the mechanical deformation of BSCCO/Ag composites is given by Han et 
al. [84]. 

Stacking to Multifilaments 

After deformation, monocore wires are restacked into silver or silver-alloy 
tubes to form multifilamentary conductors. The same deformation process 
has to be performed once again. 

Thermo-mechanical treatment 

In the last step of thermal or thermo-mechanical treatment the superconduc- 
tor is formed within the silver cladding. These processes are different for the 
two bismuth compounds. Because of their importance for the phase formation 
they will be discussed separately in the next section. 



3.4.3 Phase Development of Pb,Bi Sr Ca Cu O in Silver 

In Sect. 3.2 the phase diagram of the Bi-Pb-Sr-Ca-Cu-O system was dis- 
cussed in some detail. The application of these phase diagrams to PIT con- 
ductors of the same material is not straightforward, as the sheath material 
has to be considered as a further component in the system. Also, the role 
of the lead addition to the Bi-2223 phase is very important for the phase 
formation within the silver sheath. 



Phase Diagrams in the Presence of Silver and Lead 

Majewski [182] studied the influence of silver and lead on the phase diagram 
of the Bi-Sr~Ca-Cu~0 system. As already mentioned above, the single-phase 
region of Bi-2223 is enlarged when lead is added. From XRD studies it can 
be assumed that most of the lead is incorporated into the compound at Bi- 
sites. However, the lead solubility is strongly temperature-dependent. This 
can be seen from Fig. 3.26, where a section through the single-phase region 
of Bi-2223 is drawn as a function of temperature and lead content. The lead 
solubility increases with temperature up to 850° C and decreases again above 
that temperature. A lot of second phases are present around this single-phase 
region, such as Bi-2212, alkaline-earth cuprates, the 14:24 phase and a phase 
called 451 by Majewski, which is a lead-rich phase and is called 3221 or 3321 
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Fig. 3.26. Single-phase region of lead-stabilized Bi-2223 as a function of lead con- 
tent and temperature [182] 



by other authors. Its composition is roughly Bio. 5 Pb 3 Sr 2 . 5 Ca 2 CuOa; and it 
will be denoted 3221 in the following. Assuming furnace cooling from the 
processing temperature as indicated by the arrow in Fig. 3.26, as is normally 
done in conductor fabrication, it is clear from the phase diagram that second 
phases cannot be avoided. The 3221 phase forms and decomposes with in- 
creasing temperature. The lead is incorporated into the Bi-2212 phase. This 
makes the lead solubility a serious fundamental problem in wire fabrication. 

The silver sheath of a PIT conductor adds one more component to the 
multiphase system. Two facts are fairly well known. The first is that silver 
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Fig. 3.27. Pseudobinary phase diagram of Bi-2212-Ag as a function of temperature 
[182] 



is dissolved in Bi-2212 and Bi-2223; the second is that the silver addition 
significantly lowers all reaction temperatures, especially the melting points 
of both phases, by about 20° C. The phase diagram was studied only for Bi- 
2212-Ag by Majewski [182] and McCallum et al. [190]. Majewski’s results 
are depicted in Fig. 3.27. 
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From these studies it appears that silver also influences the lead solubility. 
On one hand it reduces the temperature of maximum lead content from 850°C 
to 835° C and on the other hand it also reduces the amount of lead which can 
be dissolved in Bi-2212. 

All the phase diagram studies were performed using mixed precursor pow- 
ders pressed to pellets and sintered. What is actually going on during phase 
formation in a silver sheath can be concluded from these results only within 
certain limitations. The silver is normally homogeneously mixed with the 
precursor in the phase diagram studies, while in a silver-sheathed tape the 
silver-BSCCO interface may have a different concentration from the interior 
of the ceramic core. Thus the phase formation within an Ag-cladded tape has 
to be considered separately. 

Phase Formation within the Silver Sheath 

The first processing steps necessary for Bi-2223 formation are quite well es- 
tablished, for example by experiments performed by Grivel and Fliikiger [79], 
and have been reviewed recently by Fliikiger et al. [55]. According to these 
findings the formation of Bi-2223 is a two-stage process. The composition of 
the starting powder is chosen as stoichiometric Bi-2212 together with other 
phases (Ca 2 Pb 04 and CuO) yielding the appropriate stoichiometry for Bi- 
2223. In the first, very fast reaction lead is incorporated into the Bi-2212, 
leading to nonstoichiometric Bi,Pb-2212 and second phases. The second re- 
action, yielding Bi,Pb-2223 from these phases, is very slow. In detail, the 
following happens: 

1. Ca 2 Pb 04 and CuO are consumed within the first few hours of the reaction 
(up to 50 h yields > 90% conversion). The lead is incorporated into the 
Bi-2212 phase. 

2. The lead-doped Bi-2212 slowly decomposes into a transient liquid consist- 
ing of Bi-2201, 3221 and (Ca,Sr)i4Cu240y (the 14:24 phase). 

3. As soon as this liquid exists in the appropriate stoichiometry it starts to 
form Bi-2223 until there is no longer enough liquid present. 

At this point small amounts of the residual phases remain as amorphous lay- 
ers along the grain boundaries, where they very efficiently block the current 
path. Up to this stage of the process it is useful to work at higher sintering 
temperatures in order to obtain large Bi-2223 grains, but at the expense of 
an appreciable amount of second phases like Bi-2201, which coexists with 
Bi-2223 in this temperature range, as found by Daumling et al. [11]. Ac- 
cording to these authors there is a single-phase region of Bi-2223 at slightly 
lower temperatures. Thus at reduced sintering temperatures Bi-2201 can be 
converted by a solid-state reaction as it is no longer stable in this part of 
the phase diagram. This has been observed and the formation and decom- 
position of 3221 below 800°C has been shown experimentally by Wang et al. 
[265, 264]. 
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After thermo-mechanical processing, the density of the ceramic core is 
much higher than before, leading to increased alignment of the growing crys- 
tals. Texture formation and crystal growth from the melt in the core of the 
tapes are still controversial. Fliikiger et al. [55] conclude from their exper- 
iments that the lead-rich Bi-2212 has to decompose completely and Bi,Pb- 
2223 forms from the liquid by nucleation and growth. Other authors [46, 266], 
however, claim an intercalation process in which Bi 02 planes are intercalated 
into Bi-2212 to form Bi-2223 as the formation mechanism for Bi-2223. It can- 
not be excluded that both mechanisms are active in different stages of the 
processing or when starting with different phase compositions of the precur- 
sor powder. Fairly well established is the fact that the silver sheath seems to 
support the texture formation as the BSCCO grains are much better aligned 
there than in the middle of the core [283] . The thermo-mechanical treatment 
also leads to the formation of many well-connected grains, thus improving 
grain contact and consequently current-carrying capability. 

Influence of the Atmosphere 

The influence of the composition of the reaction atmosphere cannot be ne- 
glected. In particular, the oxygen content of the atmosphere seems to affect 
the reaction kinetics and temperature. The optimum reaction temperature is 
reduced by about 10°C in 8% oxygen as compared with air. In addition, the 
temperature window in which the reaction takes place is broader by about 
3°C. In air the optimum temperature has to be regulated within ± 0.5°C. The 
atmosphere also influences the reaction kinetics. It has been shown [285, 286] 
that the Bi-2212-to-Bi-2223 conversion is faster in a reduced-oxygen atmo- 
sphere. Furthermore, the phase assemblage also is influenced by the oxygen 
content. In particular, the lead content of the Bi-2223 phase changes with 
atmosphere. Holesinger et al. [100] could show that more lead-rich second 
phases are present when processing in 10% oxygen as compared with air. 
These second phases seem to increase the critical current density. The best 
results were obtained with a variable oxygen atmosphere, i.e. increasing the 
oxygen pressure from 10% to 20% in subsequent heating cycles. But still the 
published results on the influence of the oxygen partial pressure are somewhat 
contradictory and some more detailed studies have to be performed. 

3.4.4 YBaCuO-Coated Conductors 

From all that has been discussed so far it is clear that conductor fabrication 
from the BSCCO compounds has one severe drawback, and that is the com- 
plex phase formation. The phase formation of the HTSC YBa 2 Cu 307 _a is 
much simpler as it consists of only four components, including oxygen. But, 
however, as already mentioned it is not possible to produce PIT conduc- 
tors from this material as it does not form good grain contacts. Only highly 
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aligned grain boundaries act as strong links. Thus good texture in this HTSC 
ceramic is hard to achieve. In fact only melt-grown bulk samples and epitax- 
ial thin films of YBCO can carry high critical currents. A high-quality thin 
film is able to carry up to 3 MA / cm^ . 

In the past appreciable effort has been put into the development of thick 
films of YBCO on industrial substrates such as large-area metal parts of 
cylindrical shape [58] or long, flexible tapes of hastalloy or polycrystalline 
nickel [273]. As YBCO does not grow epitaxially on these substrates, biaxially 
aligned buffer layers of YSZ (yttrium-stabilized zirconia) and/or Ce02 have 
to be deposited onto the metal before growing the superconductor film. In 
order to achieve good biaxial alignment of the buffer layers, ion-beam-assisted 
deposition (IBAD) was first used by Ijima et al. [108] and was subsequently 
adopted by other research groups [58, 273]. This technique uses an ion beam 
which is focused onto the substrate during deposition of YSZ and Ce02 
to inhibit nonaligned growth. The angle of the ion beam with respect to 
the substrate defines the preferred growth direction of the layers. Conductor 
lengths of up to one meter on hastalloy have been produced [57] with critical 
current densities of 2 MA/cm^ [212]. Nevertheless, this process is very slow. It 
takes one hour to produce one centimeter of conductor [57]. Furthermore, it 
is fairly expensive as it uses pulsed laser deposition (PLD) as the deposition 
technique for the superconductor. 

In 1994 a new type of YBCO-coated conductor was introduced by Goyal 
et al. [76] from Oak Ridge National Laboratory (ORNL). The substrate was 
named RABiTS"^'^, which means “rolling-assisted biaxially textured sub- 
strate”. All the work done so far at ORNL has been summarized by Goyal 
et al. in a review article [75]. This conductor type will be discussed in some 
further detail in the following. 

Metal substrates 

The idea of RABiTS"’’'^ is to use metal substrates which are already biaxially 
textured. It is well known from the literature [70, 71, 72, 82] that most fee 
metals exhibit a pronounced cube texture when they are strongly deformed by 
rolling and subsequently heated in vacuum. Widely used metals such as nickel, 
copper or aluminum exhibit this cube texture, while silver is known to be the 
only fee metal which shows the more complicated brass texture after rolling 
and recrystallization. Nickel was chosen as the first candidate for RABiTS"^'^. 
High-quality cube texture was achieved after rolling with a reduction ratio of 
over 90% and subsequent heating in vacuum at temperatures between 900°C 
and 1100°C. However, nickel is a magnetic material, and for applications in 
energy technology this is a big disadvantage owing to the magnetic hysteresis 
losses in ac fields which would be produced by the nickel subtrate. There 
are several nickel alloys such as constantan (Ni-Cu) which are nonmagnetic 
and also show cube texture upon rolling and heating [71]. Experiments with 
nickel alloys have been performed by several groups, using for example Ni-V 
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[218] or Ni~Cr, but so far the best results have been obtained on pure nickel 
foils [75]. 



Buffer Layers 

With the exception of silver, pure metals cannot serve as a substrate as 
YBCO has to be grown in an oxygen atmosphere and the metal substrate 
would be destroyed by oxidation. In addition most metals react strongly 
with the superconductor; in particular, nickel, as a magnetic material, is 
known to destroy superconductivity. Therefore buffer layers have to be grown 
between the metal and the YBa 2 Cu 307_5 in order to prevent oxidation and 
inter diffusion. Not only does this buffer layer have to be a chemical barrier 
but its lattice parameters ought to match those of YBa 2 Cu 307_5 in order 
to achieve good epitaxy. In the IBAD process these buffer layers are grown 
on a polycrystalline substrate. If the metal substrate is already aligned itself, 
this alignment is induced also in the buffer layers as could be shown by the 
ORNL group [75]. Therefore IBAD is no longer necessary and the process 
becomes much faster. A schematic outline of the process as drawn by Goyal 
et al. [75] is shown in Fig. 3.28. 
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Fig. 3.28. Schematic outline of the RABiTS^^ fabrication process (from [75]) 



Up to now the most successful buffer layer structure used by the Oak 
Ridge group has been a multilayer of Ce02, YSZ and Ce02 on top of nickel, 
each component of the multilayer being around 500 nm thick. A noble-metal 
layer (Ag, Pd) between the nickel and the oxide layers proved to be a disad- 
vantage owing to interdiffusion problems and was removed. Good out-of-plane 
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and in-plane texture was obtained in subsequent layers, with a mosaic spread 
of less than 10°. 

YBCO Thick Films 

On top of this multilayer structure high-quality YBa 2 Cu 307_5 films of 1 to 
1.4 pm thickness were grown. The highest jc which could be reached with 
these YBCO RABiTS"'"^ films was 1.4x10® A/cm^ over small pieces of less 
than 10 cm in size. The most recent results report 3MA/cm^ on a Ni-Ce02- 
YSZ RABiTS™ substrate [186]. But the YBCO films were only up to 250 nm 
thick. On longer samples of 10 cm size the critical current density reaches 
only 270 000A/cm^ [213]. The degradation of jc in magnetic fields is very 
weak, even weaker at elevated fields than in YBCO films on single-crystal 
substrates, as can be seen from Fig. 3.29. 




Fig. 3.29. Magnetic-field dependence of jc of YBCO RABiTS"’’’^ films at 77 K in 
parallel and perpendicular magnetic fields in comparison with results for YBCO 
films on single-crystal SrTiOs (STO) and T1 films on LaAlOs (LAO) [7.'>] 



The improved properties in magnetic fields are attributed to additional 
pinning sites at crystalline defects due to a nonstoichiometric local composi- 
tion of the YBCO RABiTS™ films [75]. 

It can be concluded that YBCO films on flexible metallic substrates 
have superior properties as compared with BSCCO conductors, especially at 
77 K in high magnetic fields. Applications like superconducting magnets with 
liquid-nitrogen cooling will only be feasible with such a type of conductor. 
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However, there is still the great disadvantage of either very slow and expen- 
sive processing (IB AD) or scalability (RABiTS™). In particular, upgrading 
the very promising results of YBCO RABiTS"'"^ films to long lengths of con- 
ductors might be a severe problem. The reason is that these films still show 
cracks and thus interdiffusion remains a problem. Whether it will be possible 
in future to produced long-length crack-free buffer layers on well-textured 
metal substrates has to be investigated very carefully. 



4. Physical Properties 
of High-Tc Superconductors 



4.1 Normal-State Properties of HTSCs 

The above-mentioned large structural anisotropy of the high-temperature 
superconductors has an influence on the physical properties in the normal as 
well as in the superconducting state. In the normal state the effective mass 
of charge carriers, the specific resistance and magnetotransport are strongly 
anisotropic. Only electrons from the Fermi edge contribute to the transport 
properties of a conductor. The electronic states reside within k space on the 
Fermi surface. A simple cubic metal has only one value for the Fermi energy 
and the Fermi surface is a sphere. The more complex the crystal structure and 
the higher the number of valence electrons, the more complicated the Fermi 
surface becomes. The Fermi surface of the fee metal copper, for example, 
makes contact with the boundary at the center of the hexagonal face of 
the Brillouin zone (BZ) [125]. The consequence of such an anisotropic Fermi 
surface is anisotropy in the effective mass or resistivity. 

In the normal state the HTSCs are very bad electrical conductors. De- 
pending on their doping, e.g. by variation of the oxygen content, they are 
near to a metal-insulator transition. In YBa 2 Cu 307_5 the oxygen content 
of the copper-oxygen chains is important. In the insulating state the Cu 
spins are antiferromagnetically ordered. The (x, T^) phase diagram is depicted 
schematically in Fig. 3.20 [36]. 

The determination of the Fermi surface of YBCO was difficult. In princi- 
ple there are three methods of evaluation: angle-resolved photoelectron spec- 
troscopy (ARPES), angular correlation of annihilation radiation (ACAR) and 
the de Haas-van Alphen effect. They all have advantages and drawbacks. Pho- 
toemission spectroscopy has to be performed in ultrahigh vacuum (UHV) and 
as its range is very small it can only probe a thin surface layer. That means 
that surface contamination and oxygen deficiency in the first few atomic lay- 
ers, as happen in YBCO in UHV above 50 K, reduce the reliability of the 
data. The de Haas-van Alphen effect needs a very low impurity density in 
order to achieve a high mean free path of the electrons. If electrons are scat- 
tered by impurities or vacancies in a sample the de Haas-van Alphen period 
is overdamped and the results become ambiguous. Eventually it was possible 
to determine the Fermi surface of YBa 2 Cu 307_5 by ACAR [247]. 
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The structure of the Fermi surface reflects the highly anisotropic material 
properties of the HTSCs. As most HTSC compounds have an orthorhombic 
crystal structure their resistivity is a tensor with three independent compo- 
nents pxx, Pyy and pzz- The c axis is defined to be parallel to the c direction 
and the x and y axes lie within the ab plane. As orthorhombic crystals often 
exhibit twinning, pa and pb cannot be determined independently; therefore 
a mean value pab is given. This is a good approximation as the difference 
between the two is normally less than a factor of two. The resistivity pc, 
however, can be orders of magnitude higher. 

The resistivity pab of YBa 2 Cii 307_5 shows a distinct linear behavior up 
to 300 K, while pc is a hundred times higher and increases with decreasing 
temperature as is typical for a semiconductor. The anisotropy in Bi-2212 
single crystals is of the order of 10® and shows, in principle, the same behavior 
as in YBCO [5]. 



4.2 Superconducting Properties 

4.2.1 Microscopic Description 

Before the HTSCs were found in 1986 [15] the research community agreed on 
the fact that superconductivity above 30 K was impossible according to the 
BCS theory. Therefore many theories on the mechanism of high-temperature 
superconductivity were put forward which did not consider electron-phonon 
coupling as the basic interaction for superconductivity as the BCS theory 
does. Among them there are bipolarons, anyons and marginal-Fermi-liquid 
theory. Recently the discussion has concentrated on either electron-phonon 
interaction and an extended BCS theory or spin fluctuations as the explana- 
tion for the high transition temperature and other properties of the HTSCs. 
This discussion is very lively among theoretical physicists and experimen- 
talists as a decision in favor of one or other model would have far-reaching 
consequences for application, as will be argued below. 

The explanation of high-temperature superconductivity within the frame- 
work of the theory of Bardeen, Cooper and Schrieffer (BCS theory) [12] re- 
quires the existence of a Fermi liquid, which is proven by the determination 
of the Fermi surface of YBa 2 Cii 307 _ 5 . As the material is close to a metal- 
insulator transition, however, charge carriers are much more localized than 
in simple metals. The relevant conduction bands are two-dimensional hybrid 
bands from overlapping Cu 3d and O 2p orbitals. The role of the copper oxide 
chains in superconductivity is marginal. It is assumed that superconductivity 
within these chains is introduced by the proximity effect. In the insulating 
state the Cu 3d orbitals are antiferromagnetically ordered, while the chain 
oxygen is completely absent. Even in the superconducting state this mag- 
netic ordering is still present at small distances. It can be shown that, owing 
to their short-range order, spin correlations can also lead to pair formation 
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similarly to electron-phonon interaction [74, 139]. The two mechanisms lead 
to different symmetries of the Cooper pairs and the superconducting wave 
function tjj. Electron-phonon coupling implies an orbital momentum of the 
Cooper pair of Z = 0, i.e. an s state with a gap of 2Z\ at the Fermi edge. 
The consequence of the spin fluctuation mechanism is a pairing state with 
I = 2 and thus a d-wave state. Pairing states with orbital momentum different 
from zero have been discussed before. Thus superfluidity in liquid He^ and su- 
perconductivity in certain heavy-fermion systems can only be explained with 
p-wave pairing, which means the macroscopic superconducting wave function 
has orbital momentum I = 1 (spin triplet). 

At present there is experimental evidence for both mechanisms. The en- 
ergy gap is the relevant quantity under discussion. The existence of two energy 
gaps in YBa 2 Cii 307_5 has been shown by tunneling spectroscopy [224]. In 
their two-band model Kresin and Wolf [140] take into account these results 
by assuming two energy bands with two corresponding gaps. Different energy 
gaps also may exist in conventional superconductors, but because of the much 
larger coherence length these gaps will not be resolved. In HTSCs the coher- 
ence length is very short and thus more than one energy gap can be detected. 
Further features of the model are that phonon exchange leads to pairing 
and induces superconductivity into the intrinsically normal-conducting Cu- 
O chains. Furthermore, in conventional superconductors low-energy acoustic 
phonons mediate the interaction. In HTSCs - as in ferroelectric perovskites 
such as KaLiTaOs [162, 252] - there are softening optical phonons for small 
wave vectors, which contribute to the interaction with a higher energy. As 
this energy is inserted into the formula for the transition temperature in the 
BCS theory, this consideration already leads to enhanced critical tempera- 
tures. Energy states within the gap or gapless superconductivity can readily 
be explained within the two-band model by magnetic impurities. Many ex- 
perimental findings fit into the framework of this theory. Nevertheless there 
is also evidence for the d-wave pairing mechanism from surface impedance 
measurements on thin epitaxial films [96, 97, 128, 210]. The d-wave symme- 
try of the order parameter leads to a spatial anisotropy of the energy gap 
along the Fermi surface that means that there are nodes along certain direc- 
tions. As a consequence the density of states at the band edge is no longer 
singular but steadily goes to zero towards the middle of the band gap. Some 
very convincing experiments on the symmetry of the order parameter have 
been performed by Tsuei and coworkers on tricrystals of Bi2Sr2CaCu208 and 
YBa 2 Cu 307_5 [258]. The results show that, depending on the material, the 
wave function can have pure d-wave or a mixture of s- and d-wave symmetry. 
But an unambigious experimental proof of one or the other mechanism is still 
missing. 

The consequences of a d-wave pairing mechanism would be deleterious for 
applications, especially in high-frequency systems made from HTSC films. 
Owing to occupied states within the gap an infinitely small amount of energy 
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is sufficient for pair breaking, and thus dissipating quasiparticles would always 
be present even at very low temperatures. 



4.2.2 Macroscopic Description 



Characteristic quantities such as the penetration depth A, coherence length 
critical current density jc and critical magnetic field He can be well de- 
scribed by phenomenological macroscopic theories. These are the well-known 
London theory [174] and the Ginsburg-Landau theory [67]. The latter has 
been extended by Abrikosov [2] and Gorkov [73] and is therefore often called 
the GLAG theory. Abrikosov showed that there exists a periodic solution of 
the Ginsburg-Landau (G-L) equation which describes the Shubnikov phase. 
Gorkov proved that near to the phase transition the G-L theory is an exact 
approximation of the BCS theory. Further away from the phase transition this 
approximation is still valid within 25%. Both theories are three-dimensional 
isotropic continuum theories, which originally were not meant to describe 
anisotropic superconductors like the HTSGs [3]. 

One possibility for taking into account the anisotropy of the HTSGs is to 
replace the London penetration depth Al in the London equation 



Ax j 






-B 



(4.1) 



by different Aa,A(,,Ac for the different crystal axes. Thus initial qualitative 
statements can be made. For a more detailed consideration the distance s 
between the Gu 02 planes has to be compared with the coherence length 
For YBa 2 Gii 307_5 ^ > s and thus the three-dimensional anisotropic G-L 
theory can be applied [39]. 

The isotropic G-L equations 



\-ihV - e*A\^ tl; + a'ip + = 0 , 

j = 

2m* m* 

with the boundary condition 



(4.2) 

(4.3) 



n = — e*A) '0 = 0 



(4.4) 



and 



a = 



1 geth 
Mo ns 



Mo «s 



(4.5) 



are modified by introducing the effective mass m* as a tensor. Here ns is 
the superconducting carrier density and e* their charge, i.e. the charge of 
the Gooper pairs. It is assumed that this tensor can be normalized and 
thus = 1. This implies six not completely independent quantities 
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Ai, A2, A3 and As mim2m3 = 1 it follows that (AiA2A3)^/^ = A and 

Moreover, for the Ginsburg-Landau parameter k we obtain 
K = X/^. The thermodynamic critical field is then given by 



^cth 



^0 

V2 



27 T Xi^i 



for i = l, 2 , 3 . 



(4.6) 



We now replace k by k = in the isotropic G-L equation and thus 

obtain critical fields for each of the crystal axis directions Xi as follows: 

Xi) = {In Ki + 0.5) (4.7) 

for the lower critical field, or, in terms of Hcth, 

■ffcidl ®i) = — + 0.5) , (4.8) 

Ky/2 

and for the upper critical field 

i/c2(||i.) = ^, (4.9) 

or, in terms of i 7 cth, 

H,2{\\ h) = . (4.10) 



For fields with arbitrary orientations k is replaced by n{0, Lp), leading to the 
following expression: 



K{0,(f) 



n 

\J ma sin^ 0 cos^ tp + mb sin^ 0 sin^ Lp + rUc cos^ tp 



(4.11) 



This expression is in general not exact but provides a good approximation 
for superconductors with large n at magnetic fields H 3 > Hd, and is exact 
at Hc2- Modifying the expressions for Hd and accordingly leads to the 
following equation for i7c2, for example: 



Hc2{0,‘p) = \J Hc2a sin^ 0 cos2 tf + Hc2b sin^ 0 f 



(4.12) 



In the Shubnikov phase between Hd and i7c2 magnetic flux penetrates the 
superconductor as quantized flux lines. The core of these so-called Abrikosov 
vortices is normal-conducting as, according to the G-L theory, the supercon- 
ducting order parameter goes to zero in the center of a flux line. If the super- 
conductor is isotropic the cross section of a vortex is round. The anisotropic 
G-L theory implies an elliptical shape of the vortex cross section. 

The anisotropic Ginsburg-Landau theory can no longer be applied if the 
distance s between copper oxide planes is greater than the coherence length 
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as is the case for the superconducting Bi, T1 and Hg compounds. In these 
compounds all relevant lengths are smaller than s and thus a basic assumption 
of the theory is not fulfilled. In these cases the Lawrence- Doniach model is 
applicable. The Lawrence-Doniach (L-D) theory [156] has been developed in 
order to describe layered superconductors. Superconductivity within planes 
is treated by the two-dimensional G-L theory and weak coupling is assumed 
between planes. 

On the basis of this model, various authors have calculated the structure 
of flux lines in HTSCs ([18, 39] and references therein). A schematic view of 
this structure is given in Fig. 4.1. Within the ab planes the fluxons have the 
structure of pancake vortices. Between these planes they are weakly coupled 
by the Josephson effect or even only magnetically in the case of very high 
anisotropy. The interaction between pancake vortices in one plane is repulsive 
while it is attractive between pancakes in different planes. At T = 0 and when 
the external magnetic held is oriented normal to the planes a stack of pancake 
vortices is obtained whose characteristics approximate these of an Abrikosov 
vortex in three dimensions (Fig. 4.1a). At elevated temperatures the pancake 
vortices become thermally activated and may shift with respect to each other 
(Fig. 4.1b). If the magnetic held is oriented parallel to the ab planes it is 
energetically favorable to arrange the flux lines between the planes. The flux 
lines no longer have a normal-conducting core as the order parameter does not 
become zero. They have a Josephson core and are therefore called Josephson 

T = 0, 



a 

Fig. 4.1. Schematic representation of the strncture of vortices in layered snpercon- 
dnctors: a) at zero temperatnre in Uext parallel to the c axis, b) at finite temper- 
ature in parallel magnetic field, and c) at finite temperature in arbitrary magnetic 
field 
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vortices. With arbitrary orientation of the external magnetic field the vortices 
form kinks (Fig. 4.1c). Pancake vortices within the planes are connected by 
Josephson vortices between the planes. 

This special structure of vortices in HTSCs has consequences for appli- 
cation when dealing with flux dynamics and pinning properties. A more de- 
tailed discussion of these properties is hence necessary and will be given in 
the following section. 



4.3 Electromagnetic Properties of HTSCs 

4.3.1 Type II Superconductor in an External Magnetic Field 

The properties of type II superconductors relevant for technical applications 
are their behavior in a magnetic field and when carrying a transport cur- 
rent. The two principal properties of a superconductor are the capability 
of carrying currents without losses and expelling a magnetic field from its 
interior (Meissner-Ochsenfeld effect [192]). Two parameters decide between 
two totally different states of a superconductor in an external magnetic field: 
the Ginsburg-Landau parameter k, which was introduced in Sect. 4.2.2, and 
the energy of the phase boundary between the normal and superconducting 
phases 

O’ns = (^ — 

If the coherence length ^ > 1 and thus the phase boundary energy cTns posi- 
tive, the superconductor is of type I. In an external magnetic field it exhibits 
the Meissner-Ochsenfeld effect up to the upper critical field He- If this critical 
field is exceeded locally owing to demagnetization effects the superconductor 
goes into the intermediate state. The characteristics of the intermediate state 
is that, owing to the positive value of the phase boundary energy, the normal 
and superconducting states coexist on a macroscopic scale. A more detailed 
discussion of the intermediate state and the calculation of the energy Uns is 
given by Buckel [24] and Abrikosov [3]. 

For K > \j\f2 and CTns < 0 we are dealing with a type II superconductor. 
The consequence of the negative phase boundary energy is that it becomes en- 
ergetically favorable to let magnetic flux into the interior of the superconduc- 
tor as soon as the lower critical field Hci is exceeded. This happens in micro- 
scopic quantities of size = hj2e, called flux quanta or Abrikosov vortices. 
The superconductor goes over to the mixed state or Shubnikov phase. The 
vortices arrange themselves in a triangular flux line lattice (FLL) . Abrikosov 
[2] showed that this state is an exact solution of the G-L equations (4.2), 
(4.3) for K > \j\f2. When the external field is increased, more and more 
flux is introduced into the superconductor up to the upper critical field 
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There the fluxoids start to overlap and superconductivity is destroyed. The 
magnetic phase diagram of a type II superconductor is depicted in Fig. 4.2. 
Below Hci the superconductor is in the Meissner state, between Hd and 
Hc 2 it forms the Shubnikov phase, becoming normal-conducting only above 
Hc 2 - The triangular lattice of the flux lines could be demonstrated in many 
experiments, for example by Essmann and Trauble [18, 49]. 




Fig. 4.2. Schematic phase 
diagram of a type II super- 
conductor 



Only type II superconductors are relevant for applications in magnet and 
energy technology as the critical fields of type I superconductors are very low 
(e.g. Pb: 80 mT at T =0). The production of high-field magnets is not possi- 
ble with type I materials. The critical fields Hd and Hc 2 can be derived from 
simple assumptions. As soon as one fiuxon penetrates the superconductor 
Hd is reached. Calculating the magnetization of this single vortex leads to 

[ 3 ] 

Hd^^^{lnK + 0.5). (4.14) 

K 

Under the influence of an external magnetic field. Cooper pairs move in 
a circle. The radius of their orbit depends on the magnetic field strength. As 
soon as the radius of this orbit becomes smaller than the spatial extension ^ 
of the Cooper pair or if its kinetic energy becomes larger than the gap energy 
A, the pairs break up and the superconductor becomes normal. This is the 
criterion for estimating Hc 2 [3]: 

Hc2^HdhK- (4-15) 

In general it can be said that the greater k is, the smaller Hd and the 
larger Hc 2 - The HTSC materials have very high k values of around 1000 
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and therefore their lower critical fields are very small {noHd « 100 mT for 
YBa 2 Cu 307 _i) and their upper critical fields are very high (around SOT for 
YBa 2 Cu 307_5 and nearly 100 T, presumably, for (Pb,Bi) 2 Sr 2 Ca 2 Cu 30 io). 

When the superconductor is carrying a current / the flux lines experience 
a Lorentz force 



with B = fioH. Under this force the flux lines start to move through the 
lattice and as their core is normal-conducting they dissipate energy. This 
means that as soon as vortices move through the superconductor the losses are 
no longer zero. In an ideal type II superconductor there is nothing to hinder 
the motion of flux lines; instead they can move freely, which is equivalent 
to a vanishing critical current Ic- Such superconductors are not relevant for 
applications. 

In a real type II superconductor, as in any other solid, there are always lat- 
tice distortions and impurities with reduced superconducting or even normal- 
conducting properties. The superconducting order parameter is either re- 
duced or zero, as within a vortex core. That implies that such defects are 
energetically favorable places for vortices to reside and the vortices will be 
pinned in the potential of these so-called pinning centers. The efficiency of 
such a pinning center is at its maximum if its size is of the order of the 
superconducting coherence length In conventional superconductors ^ is 
around 50-500nm. Thus precipitates are ideal pinning centers. In HTSCs 
with 5 ~0.3-3nm, pinning sites have to be of atomic order, such as dislo- 
cations, stacking faults, twin boundaries or vacancies. Such sites are much 
harder to produce. If pinning is efficient the critical current density jc becomes 
high and the material is interesting for applications. Type II superconductors 
with good pinning properties, i.e. a high critical current density jc, are called 
hard superconductors. 

On one hand the properties of the flux line lattice and the pinning prop- 
erties are important for applications; on the other hand they are complex and 
interesting topics of condensed-matter physics and materials science. Hence 
these subjects will be treated in more detail in the following sections. 

4.3.2 Elastic Properties of the Flux Line Lattice 

Analogously to a crystal lattice, the elastic energy of a flux line lattice may 
be calculated using linear elasticity theory [22]. Pinning, thermal activation 
and structural defects introduce small perturbations. The elastic energy in k 
space is deduced from the Fourier components of the vortex displacement. In 
the case of a uniaxial elastic medium we obtain the following elastic matrix: 



Fl = / X B 



(4.16) 



^xx — ciifc^ + ceeky + C44k'^ + o-i^{k) , 
~ CQgk^ Ciiky C44k^ ai^{k) , 



(4.17a) 

(4.17b) 

(4.17c) 



^xy — ^yx — (Cll CQf)')kxky . 
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For completeness the Lahusch parameter [151] has been added, which 
describes the interaction of the FLL with a pinning center induced by material 
inhomogeneities. The quantities cn, C 44 and cge denote the compressional, 
tilt and shear moduli, respectively. For the tilt and compressional moduli 

cii « C 44 « — (4.18) 

Mo 

is valid only in the isotropic case in the small region in the middle of the Bril- 
louin zone (BZ). On the edge of the BZ the boundary condition of periodicity 
implies deviation from quadratic behavior. The moduli become dispersive. 
The physical reason for this behavior is that the characteristic interaction 
length of electromagnetic fields with the vortex lattice {the Campbell pene- 
tration depth Ac [29, 30, 31]) is large compared with the mean vortex spacing 
tto = That means that the FLL becomes soft for short- wavelength 

excitations. 

The general G~L solution for the compressional and tilt moduli is 



Cii « C 44 



52 

Mo 



n—1 




(4.19) 



If k or A goes to infinity, which is equivalent to B approaching Mo^^ci or 
h-oHc 2 , respectively, the elastic moduli approach zero. So for long-wavelength 
excitations the FLL becomes soft, too. 

In the limit of vanishing induction B the line tension of a single vortex 
is P = C 44 <?o/mo^^c 1 - In anisotropic superconductors P is small compared 
with the self-energy es = ^oMo-f^ci- The self-energy es also becomes depen- 
dent on angle for a stack of pancake vortices. Consequently the line tension 
and tilt modulus are strongly reduced in anisotropic materials. So in layered 
superconductors it becomes very easy to remove a pancake vortex from the 
stack. 

In the case of single-vortex pinning, pinning sites can be described as 
parabolic potentials in which the flux line is bound. If direct summation of 
of pinning forces is possible the Labusch parameter a is a measure of the 
slope of the pinning potentials. The problem of summation of the energy 
contributions of the single pinning potentials to an overall pinning force was 
discussed in some detail by Larkin and Ovchinnikov [155]. 



4.3.3 Phase Transitions in the Vortex Lattice 

At high temperatures, owing to the high anisotropy and soft modes, fluctua- 
tions become large in the FLL of HTSCs. In order to estimate the fluctuations 
the mean square displacement of the vortices (u^) of each elastic mode of 
the lattice can be associated with the energy k-QT/2. The result is expressed 
by the Ginsburg number 



ksT 

2 ^qHq 2 ^ab ^ 
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Gi = 




(4.20) 



which denotes the relative width of the fluctuation region near to Hc 2 - For 
comparison, in conventional superconductors Gi is of the order of 10“®, while 
in high-temperature superconductors it is of order 10“^. 

Thus the specific properties of the HTSCs such as high transition temper- 
ature and short coherence length also lead to large thermal fluctuations. The 
timescale of these fluctuations is determined by the elastic restoring force and 
the viscous motion of the vortices within the FLL. A flux line moving with 
velocity v exerts a force rjv on the crystal lattice. This leads to melting of 
the FLL appreciably below Tc- This melting transition is a first-order phase 
transition in pure materials; in the presence of pinning and strong disorder it 
turns into a second-order phase transition. A schematic outline of the vortex 
phase diagram in an HTSC is given in Fig. 4.3. 




Fig. 4.3. Hypothetical vortex phase 
diagram in an HTSC 



In a pure superconductor the first-order phase transition from vortex solid 
to vortex liquid is expected to obey the Lindemann criterion [22, 171]. This 
criterion says that a lattice will melt as soon as the ratio between kinetic and 
potential energy exceeds a certain value cl, or, more physically, if the lattice 
vibrations or thermal fluctuations are of the order of the binding energy. The 
melting temperature Tm follows from the mean square displacement ( v? ) 
and the mean vortex spacing ag. Thus the Lindemann criterion is 

= cLao . (4-21) 

The first thermodynamic evidence for this first-order phase transition in Bi- 
2212 single crystals was found in experiments by Zeldov and coworkers [282]. 

As a consequence of the layered structure of the HTSCs there is also a 
decoupling transition at which the pancake vortices of adjacent Cu 02 planes 
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decouple and the vortex characteristics change from three-dimensional to 
two-dimensional . 



4.4 Flux Line Dynamics 

Up to now only reversible processes in the FLL have been discussed. If a 
current is applied to a hard type II superconductor which is higher than its 
critical current, irreversible processes occur. As mentioned above, the cur- 
rent induces a Lorentz force on the flux lines (4.16). Often the Lorentz force 
density, 

fL=jxB, (4.22) 

is considered instead. Owing to the current density j, vortices can escape 
from their pinning potential and move through the superconductor with a 
velocity v. This motion generates an electric held 



E = vx B . (4.23) 

Moving flux lines dissipate energy because of their normal-conducting core, 
as Bardeen and Stephen [13] showed. 

In this regime of flux flow, vortices move in bundles. Even avalanche effects 
can happen, as during magnetizing of large YBCO bulk samples [268]. In 
these experiments the avalanches were so great that the sample was destroyed 
by the dissipated energy. 

A fundamental treatment of the dynamics of vortices in hard supercon- 
ductors was provided by the basic models of Bean [14] and Anderson and 
Kim [10]. These models are still valid today and will therefore be discussed 
in some detail. 

4.4.1 Flux Pinning and the Bean Critical-State Model 

Bean proposed a model to describe the magnetization of hard superconduc- 
tors in alternating magnetic fields. Typical magnetization curves of type I 
and type II superconductors are depicted in Fig. 4.4. The Bean critical- state 
model serves as a straightforward phenomenological explanation for many ex- 
perimental results on hard superconductors in the critical state (Shubnikov 
phase), even for many results on HTSC materials. It does not, however, give 
any explanation for the microscopic origin of pinning. 

These are the basic assumptions of the Bean critical-state model: 

• Only the critical state is considered. There is no reversible magnetization; 
Hci = 0. 

• There is a critical current density which can be carried by the supercon- 
ductor. 
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Fig. 4.4. Typical magnetization curves for type I and type II superconductors in 
an external magnetic field (schematic) 



• Even very low electromagnetic forces induce the full critical current density. 

• The critical current density is independent of the external magnetic field. 

• In any region of the superconductor where magnetic flux has penetrated, 
the critical current density is perpendicular to the magnetic induction B; 
everywhere else jc = 0 is valid. 

On the basis of these assumptions, the magnetization in a parallel magnetic 
held is calculated for a disk of thickness d or a cylinder of radius r. These 
geometries are chosen because of their very low demagnetization effect. Fig- 
ure 4.5 shows the flux profile and critical current density distribution in a 
cylinder of radius r in an alternating external magnetic held idext- The fol- 
lowing can be seen in Fig. 4.5 from left to right: 

1. With increasing external held idext, magnetic flux penetrates the sample 
and hence the remanent flux or induction B decreases linearly towards 
its center. The slope of the induction corresponds to the critical current 
density jc in the region where flux is already present. 

2. As soon as the external held reaches the value H* the cylinder is totally 
penetrated by flux. This held is called the full-penetration held. 

3. Further enhancement of idext leads to the introduction of more flux into 
the sample. 

4. When the external held decreases the flux profile is inverted and the cur- 
rents change their direction. 

5. At Hcy± = 0 there is still flux inside the superconductor and the flux 
distribution takes the form of a cone, the so-called Bean cone. 

Calculation of the magnetization of a hard superconductor from a series of 
flux distributions and critical current density profiles yields a diamagnetic 
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Fig. 4.5. Magnetic flux profile and critical current density distribution of a super- 
conducting cylinder in an alternating external magnetic field ffext 



hysteresis analogous to the ferromagnetic hysteresis of magnets. The area of 
the hysteresis is a measure of the energy dissipated owing to flux motion: 

^ HdB , (4.24) 

M^nrag = ^ • (4.25) 

Jc 

This enables the quantitative determination of jc from magnetization hys- 
teresis, but only where the magnetization curve does not have a significant 
slope (see Fig. 4.4): 



Jc = 



AM 



(4.26) 



Nevertheless, there are some important limitations to the Bean critical 
state model: 

• There is no Meissner state in Bean’s considerations. 

• In HTSCs the critical current density depends strongly on the external 
magnetic held. 

• The model does not consider the origin of the critical current density. 

These shortcomings are partly overcome by the model proposed by Anderson 
and Kim [10], which will be described in the next section. 



4.4 Flux Line Dynamics 



65 



4.4.2 Thermally Activated Flux Creep 

Anderson [9] and Anderson and Kim [10] developed a theory of vortex mo- 
tion in hard superconductors on the basis of the GLAG theory. This theory 
of thermally activated flux creep, though originally meant for conventional 
superconductors, nevertheless still applies well for the HTSGs. Many theories 
of vortex dynamics in high-temperature superconductors are based on this 
Kim-Anderson model. A very extensive review on vortices in HTSGs is given 
by Blatter et al. [18]. The present work, however, will focus on the treatment 
of the Kim- Anderson model and some special features of HTSGs. The prin- 
cipal goal of the model is to calculate creep rates of magnetic flux or flux 
bundles for different limits in an existing Abrikosov lattice. The following 
assumptions are made: 

• A bundle of flux lines of size A > ^ is bound to a pinning center. A smaller 
flux bundle size is not probable as distortions of the FLL lower in size than 
the coherence length would need too much energy for their formation. 

• The overall pinning potential is periodic and either harmonic or of zigzag 
form. 

• The Lorentz force acts on the flux bundles. 

Figure 4.6 shows a periodic harmonic pinning potential with different 
applied current densities. This figure illustrates that the Lorentz force changes 
the effective barrier height between neighboring pinning potentials, which 
may be of the order of ^ with p being the number of active pinning sites: 



Under the condition that jc and the external magnetic held Hext are normal to 
each other, flux bundles having a size A and length I experience the following 
Lorentz force: 



Uo=^pH^eo- 



(4.27) 







Fig. 4.6. Periodic pinning potential 
under the influence of different cur- 
rent densities. Jump rates are calcu- 
lated from the effective barrier heights 
(after [17.3]) 
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Fi^ = . (4.28) 

The effective barrier height is then determined from the difference between 
the barrier height and the energy due to the Lorentz force: 

C/eff = C/o - C/l = i P i/elt - J i^ext ■ (4.29) 

At nonzero temperature some flux bundles are activated and are able to move 
through the FLL. This thermally activated process obeys a rate equation: 

R = ujo exp-r^ . (4.30) 

Kb 4 

This is the jump rate R of the vortex bundles, with the vibration frequency 
u!q « 10® - lO^'^Hz in LTSC. The motion of flux bundles dissipates energy. 
This regime is called the flux creep regime. 

If the critical current density jc is reached, the Lorentz force density is 
balanced by the pinning-force density 

fL = fp=jcXB, (4.31) 

and thus ?7 l = Uq and vortices can move freely through the superconductor. 
This state is called flux flow and appears shortly before the material becomes 
normal-conducting. In conventional superconductors the flux flow can only be 
observed in a very small regime below the superconducting-normal transition. 
In HTSCs, however, the flux flow regime can occupy a rather large field and 
temperature range {giant flux creep). 

Thermally activated flux creep causes an electric field. The Lorentz force 
is needed to calculate this field from the creep rate. The jump rate in the 
direction of the Lorentz force is 

i?i = ujQ exp (4.32) 

kbT 

and against the force direction 
— {Uq + U\f) 

i ?2 = Wo exp — . (4.33) 

kbT 

The field E is then determined from the effective creep rate i?eff = R\ — R 2 
and the drift velocity v = using E = vB = pj, as 

E{j) = 2pc jc exp sinh ■ (4-34) 

The critical current density jo at T = 0, the resistance pc at jc and the pin- 
ning energy Uq are phenomenological parameters. Equation (4.34) is the basic 
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equation of the Kim- Anderson model, from which all special cases are de- 
rived. 

Three important limiting cases have been formulated by Brandt [21]. For 
small current densities j <C jc, the sinh function can be linearized. We obtain 
ohmic behavior with a thermally activated linear resistivity ptaff • For large 
current densities of the order of jc the equation can be approximated by 
E cx exp(jUo/jckBT), expressing the sinh as an exponential function. This 
is the flux creep regime. For very large current densities j 3> jc we obtain the 
usual flux flow resistivity ppF- Summing up, we obtain the following equations 
for the different regimes of flux line dynamics: 



2pcffo 






Ptaff 



for (TAFF), 



p = Pc exp 



U 

^-1 



U 



LVJc 

for j w jc (flux creep) , 
„-2 \ 1/2 



oc exp — 



I 1 Jc 
p = PFF [I - 



B 



PFF ~ Pn 



Bc2{T) 



for j :s> jc (flux flow) . 



(4.35) 



(4.36) 



(4.37) 



The E-j characteristics of the different regimes are depicted in Fig. 4.7. 




Fig. 4.7. E~j characteristics for the 
different regimes of flux motion (after 
[ 21 ]) 



More recent models specifically developed to explain the unique properties 
of the HTSCs, such as the collective-creep model and the vortex glass model, 
go beyond the Kim- Anderson model. Nevertheless similar E-j characteristics 
are obtained in both descriptions. The physical picture behind the collective- 
creep model [53] is that weak random pinning acts on the FLL. Thus the FLL 
can be treated as an ideal elastic medium, which also can be isotropic. In this 
picture the thermally activated resistivity really approaches zero. The vortex 
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glass picture gives at least qualitatively a similar behavior. This model is 
based on the assumption of a second-order phase transition in the FLL from 
a vortex glass to a vortex liquid. This theory was derived by Fisher, Fisher 
and Huse [54] in analogy to the theory of spin glasses. 

The basic assumptions of both theories are the following. Characteristic 
quantities such as the pinning correlation length (size of the jump volume) 
and the relaxation time Tg of the fluctuations of the glassy order parameter 
diverge near to the glass temperature Tg: 
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(4.39) 



A scaling behavior of the E-j curves is predicted. The electric field should 
scale like = f± {j with z « 4 and D the spatial dimension. 

The functions /+ and /_ are the two master curves for the regimes above and 
below Tg. For a; ^ 0, f+{x) = const, and f-{x) exp{—x~^). At T = Tg, 

E obeys a power law: E oc Thus the resistivities turn out to be 

p oc for T = Tg , (4.40) 

p oc exp[-(jc/j)“] for T < Tg . (4.41) 



There is no explicit glass temperature within the framework of the 
collective-creep model. The picture, however, is similar as flux creep occurs 
only above a certain melting temperature T„i, above which the FLL loses its 
elastic rigidity. This model will be used to discuss experimental E-j charac- 
teristics in a later chapter. 
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The development of materials processing and characterization in the field 
of HTSCs for magnet and energy technology has been fairly fast in recent 
years. As the production of long lengths of conductors and of large monolithic 
ceramics is also of commercial interest a lot of the present know-how belongs 
to companies and is thus often confidential. Consequently, the overview of 
recent results given below, based on published literature, may not be complete 
concerning unpublished knowledge within companies. In addition, owing to 
the vast amount of literature, this review concentrates on the information 
considered to be the most important for recent developments. 

5.1 Preparation of Wires, Tapes and Bulk HTSCs 

Prior to application of any kind is the preparation of suitable material from 
which systems can be developed. Consequently the focus has been on the 
development of conductor materials and bulk ceramics of HTSCs with high 
critical current densities and strong flux-pinning characteristics. As already 
discussed, the preparation routes are very different for Bi-2223, Bi-2212 and 
YBCO. The state of the art will be discussed below in separate sections. 

5.1.1 Preparation of Bi-2223 Tapes 

By far the most effort has been put into the development of tape material 
of the lead-doped Bi-2223 superconductor as this material has the highest 
transition temperature (110 K) of the technically relevant HTS compounds. 
Owing to the high transition temperature and the prospect of high critical 
current densities the Bi-2223 tapes are expected to find their main applica- 
tion in the field of energy technology. The preparation procedure includes 
several steps: the raw materials such as precursor powders and sheath mate- 
rials, filling and mechanical deformation and, finally, the thermo-mechanical 
treatment. 

Precursors 

Properties of the starting powder such as stoichiometry, phase purity and 
particle size strongly influence the phase development of the superconductor. 
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There are several important points. Firstly, the powder may not be com- 
pletely reacted Bi-2223; this is disadvantageous for the quality of the final 
conductor. Precursor powders therefore are compositions of Bi-2212 and other 
components, which will then be reacted to Bi-2223. Secondly, lead has to be 
added to the overall composition in order to stabilize the Bi-2223 phase as de- 
scribed earlier. Thirdly, the particle size of the powders is important. Usually 
a grain size of 1-5 pm is used. 

The typical nominal composition commonly used [55, 234, 280] is 
Bii.8Pbo,34Sri,9Ca2Cu3,i05 or similar. This composition is chosen in order 
to satisfy the following relations: the content of Bi and Pb together has to 
exceed 2.0 as some lead and bismuth are lost during processing; the content 
of Ca must exceed the Sr content in order to increase the slow Ca diffusion; 
and the copper content has to be more than 3.0 because the copper surplus is 
needed to form the liquid phase which supports the Bi-2223 phase formation 
during the initial stages. 

Moreover, not only the stoichiometry but also the phase composition of 
the starting powder is of great importance. Starting with fully reacted Bi-2223 
does not result in high critical current densities. There are two possibilities 
for the starting compositon, one where the lead is incorporated into the Bi- 
2212 phase and one where the lead is present as an alkaline-earth compound. 
These compositions are: 

• Bi(Pb)-2212 -h Ca2Cu03 + CuO 

• Bi-2212 -h Ca2Pb04 + CuO. 

It has been shown by Dorris et al. [43] that the reaction can be faster if the 
lead is already incorporated into the Bi-2212, as the first stage of the Bi-2223 
reaction is the incorporation of lead as shown by Jeremie et al. [110]. 



Sheath Material 

Usually pure silver is preferred as a sheath material as it does not show any 
reaction with the ceramic core. However, there are some difficulties with this 
material. First, for considering cryogenic applications like current leads, the 
high thermal conductivity of silver is a disadvantage. For this purpose Ag/Au 
alloys with 11% Au are used by most groups [185]. A further disadvantage 
is the softness of silver. In particular, for applications in magnet and energy 
technology the tape material has to withstand mechanical stress if reliable 
power cables or magnets are to be built. Several alloys have been tested by 
many groups, but at present an Ag/Mg alloy with less than 2% Mg is used 
[69, 229]. During sintering the magnesium reacts to form MgO, which leads to 
precipitation hardening. The drawback of this alloy is that there are reactions 
between the Mg and the superconductor. To circumvent this problem only 
the outer sheath is alloyed, while the sheaths of the individual filaments are 
pure silver [229]. 
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A third important problem arises from the interfilamentary coupling. 
Owing to the softness of the silver sheath, bridging of needle-like Bi-2223 
crystallites from one filament to a neighboring one is observed fairly often. 
This microstructural feature leads to severe ac losses. Huang and Fliikiger 
[104, 103] succeeded in covering the individual filaments with a resistive bar- 
rier of BaZrOa, which prevents bridging and significantly reduces ac losses. 
This method is now also adopted by other groups [138]. 



Mechanical Deformation 

The mechanical-deformation process plays an important role in the fabri- 
cation of long lengths of BSCCO tapes and wires. The cross sections and 
longitudinal sections of the tapes and wires have to be very homogeneous in 
order to provide the largest possible area for current transport. Furthermore, 
the alignment and texture of the BSCCO crystallites have to be as good as 
possible to achieve good grain contacts. Sausaging, pure texture and thickness 
inhomogeneities of the filaments are the main sources of low critical current 
densities. Very good results in the rolling of long tapes of Bi-2223 conductors 
are achieved by companies such as American Superconductor Corp. (ASC) 
and NST. But only NST has published a systematic study and the results of 
the deformation process [84]. The NST researchers calculated and measured 
the stress and strain distribution during roling and pressing and from this 
established three important observations, which also had been made earlier 
[215]: 

• The stress distribution during pressing is such that microcracks are pref- 
erentially induced along the tape and thus do not hinder the current path 
significantly. 

• The stress distribution during rolling is such that microcracks are intro- 
duced normal to the current path, which obviously is deleterious. 

• Over the cross section of a tape the rolling or pressing force is highest in 
the middle, consequently leading to less deformed filaments at the tape 
edges. 

Thermo-Mechanical Treatment 

The world best Bi-2223 tapes with the highest jc are now made by ASC, 
closely followed by NST. A few years ago the highest value for the critical 
current density was reported by Li et al. [165] to be 69 000 A/cm^ at 77 K in 
self-field in short pressed samples. ASC has exceeded this value only recently, 
by achieving 70 000 A/cm^ in short rolled samples [234]. The highest jc values 
of 24000A/cm^ in long tapes have been obtained by NST [83]. Besides the 
deformation process, thermo-mechanical treatment also plays an important 
role in achieving these results. In recent years a certain standard process- 
ing scheme has been developed. The processing atmosphere is either air, or 
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argon with 8% oxygen, or even an atmosphere with variable oxygen con- 
tent. The processing temperature is around 845° C in air and around 830° C 
in a reduced-oxygen atmosphere. The tapes are sintered for 60 to 80 hours 
depending on the phase composition of the starting powders. An intermedi- 
ate rolling step is applied after 30 to 50 hours of sintering time. Companies 
that fabricate long lengths of tape material usually do their processing in a 
reduced-oxygen atmosphere (e.g. [52]) as in this case the temperature window 
where the phase formation of Bi-2223 takes place is much broader, namely 
AT = 15°C in reduced oxygen as compared with 5°C in air. Consequently, 
in a reduced-oxygen atmosphere, processing is less critical. 

Recently, a so-called post-annealing process has been introduced. Wang 
et al. [265] have shown that adding a processing step at a lower temper- 
ature in the final heat treatment enhances the critical current density by 
reducing second-phase precipitates of Bi-2201 at grain boundaries. A real 
post-annealing at about 820°C in air after the final sintering step has been 
shown to enhance jc by a factor of three [159]. In this case not only Bi-2201 
but also Bi-3221 was reduced at the grain boundaries. These results will be 
presented in Chap. 9. 

5.1.2 Preparation of Bi-2212 Tapes and Wires 

The preparation of Bi-2212 follows a somewhat simpler processing scheme 
than the Bi-2223 processing. The starting powder is stoichiometric or some- 
times slightly off-stoichiometric fully reacted Bi-2212. For the powder par- 
ticle size distribution the same arguments hold as for Bi-2223, and for the 
deformation process the same considerations as above are valid. Up to the 
thermal treatment there is no significant difference in the processing of the 
two BSCCO materials if the PIT process is applied. However, dip coating is 
a real alternative processing route for Bi-2212 tapes [86]. 

The Bi-2212 tapes with the world highest critical current density are pro- 
duced by dip coating with a preannealing and intermediate rolling process 
(PAIR), introduced by Kitaguchi et al. [122, 123, 124, 193, 194, 195] of Fu- 
rukawa Electric in Japan. Thin silver ribbons are dip coated with reacted 
Bi-2212 ink and sandwiched to form multifilamentary tapes. These tapes 
are then preannealed at 700°C in vacuum and at 835°C in pure oxygen. 
After this preannealing an intermediate rolling step is applied. The tapes 
are subsequently melt processed in pure oxygen. With this procedure the 
authors achieve jc values of up to 900 000A/cm^ at 4.2 K in self-field and 
500 000A/cm^ in 10 T. As dip coating is a process which can easily be scaled 
up to produce long lengths of tape this process is highly interesting for the 
production of high-field magnets. 

The highest critical current densities for PIT tapes and wires have been 
obtained by Okada and coworkers [205] of Hitachi, also in Japan. With a 
standard process of preannealing in vacuum and pure oxygen with subse- 
quent melt processing in pure oxygen they obtain critical current densities 
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in the range of 450 000A/cm^ at 4.2 K in self-field. The first test magnets, 
as insert coils in very-high-field magnets, have been built with this material 
in cooperation with NRIM (National Research Institute of Metals) in Japan. 
Fields of up to 22 T have been obtained [143]. 



5.1.3 YB CO- Coated- Conductor Preparation 

Because of its better flux-pinning behavior YBCO has high critical cur- 
rent densities in higher magnetic fields and at higher temperatures than the 
BSCCO conductors. However, its grain boundaries behave much less simply. 
Even slight misorientations completely interrupt the supercurrent, as dis- 
cussed earlier. Therefore the PIT technique is not a good method to produce 
YBCO conductors. A thin- or thick-film technique has to be used instead. 
Initial promising results have been obtained with a method first introduced 
by lijima et al. [108], which they called IBAD (ion-beam-assisted deposition). 
With this technique, epitaxial YBCO films are grown on top of polycrystalline 
metallic substrates such as hastalloy or nickel covered with a buffer multi- 
layer of YSZ-Ce02-YSZ. The insulating buffer layers are epitaxially grown 
by IBAD. On top of well-aligned buffer layers, YBCO deposited by laser 
ablation or pulsed laser deposition (PLD) also develops a well-defined tex- 
ture and thus high critical current densities of up to 2.8MA/cm^ are reached 
[57, 212]. At present it is possible to deposit high-jc YBCO films on large-area 
technical substrates [58] and on up to one meter of flexible metal substrates 
[57]. Despite the fact that the current densities which can be achieved by this 
method are very high, there is a big disadvantage. IBAD is a very slow pro- 
cess. It takes about one hour to fabricate one centimeter of a flexible YBCO 
tape. 

In 1996 a group at Oak Ridge National Laboratory succeeded in deposit- 
ing high-critical-current-density YBCO films on biaxially aligned substrates 
consisting of recrystallized nickel tapes with a pronounced cube texture and a 
buffer multilayer of Ce02 and YSZ [76]. They called this process RABiTS™. 
Recrystallization texturing of fee metals has been well known since the early 
1920s and 1930s [70, 71, 72, 200]. The pronounced cube texture of the nickel 
tapes makes it possible to grow well-aligned buffer layers with conventional 
sputtering or evaporation techniques. The YBCO films deposited on top of 
these RABiTS"'"'^ tapes also exhibit good texture. This process is much faster 
than the IBAD process. However, up to now no tapes longer than ten centime- 
ters have been fabricated which still have good current-carrying capabilities. 
It has to be mentioned, though, that owing to their superior in-field proper- 
ties the YBCO tapes will be a much better candidate for high-magnetic-field 
applications, especially at liquid-nitrogen temperature, than the BSCCO con- 
ductors. But up to now long lengths of flexible and technically useful tape 
conductors have only been fabricated out of Bi-2223. 
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5.1.4 Melt Processing of Bulk REBCO 

As described in the previous section, the preparation of YBa 2 Cu 307_5 is 
much easier than that of BSSCO. Consequently, the fabrication of large 
amounts of bulk material of this compound has made great progress in recent 
years. Large monolithic monodomain samples have been prepared by several 
groups in the world [172, 203, 235]. The YBCO ceramics usually have Y-211 
inclusions and additions such as Ce02 or Pt02. This phase composition en- 
sures a fine, submicron-sized distribution of the Y-211 inclusions which serve 
as pinning centers. These samples have high critical current densities and 
show good levitation force properties. 

In addition, Nd-123 has turned out to be a compound with even better 
pinning properties, especially at elevated magnetic fields. In the beginning 
the phase-pure preparation of this compound was difficult because the ionic 
radii of Nd and Ba are similar, which leads to the incorporation of Nd on 
Ba sites. Now that this problem has been overcome [254, 279], this material 
seems to be even more suitable for applications than Y-123. 

Recently Murakami reported very promising results on RE-123 com- 
pounds with up to three rare-earth elements incorporated into the crystal 
lattice. These materials seem to have superior superconducting and mechan- 
ical properties [203, 240]. 



5.2 Phase Formation and Microstructure 

The first success in improving the material properties of the ceramic super- 
conductors was more or less empirical. Changing processing parameters and 
measuring their influence on the critical current density lead to a fairly fast 
improvement of the material. However, since the results of Li et al. in 1993 
[165], the highest jc achieved in Bi-2223 tapes is around 70 000A/cm^ at 
77 K in self-field. The only progress which has been made in the meantime 
is that this value, first obtained in short pressed samples, now also can be 
achieved in short rolled samples [234]. The reason for this is that a detailed 
understanding of the phase formation of Bi-2223 in the PIT process is still 
missing. In addition, the microstructure which enables efficient transport of 
supercurrent is also not very well understood. Further improvement of the 
critical current density seems to be possible only with a clear understanding 
of the material properties of the BSCCO conductors. For this reason sev- 
eral groups have started to look more closely at the phase formation and 
microstructure, of Bi-2223 in particular, in order to find the current-limiting 
mechanisms. 

5.2.1 Observation of Phase Evolution of Bi-2223 

A lot of important work on the phase formation of Bi-2223 has been per- 
formed by the Geneva group [55]. By combined analytical methods, e.g. 
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electron microscopy and x-ray diffraction of pressed powder samples and 
Bi-2223 tapes, they determined the phase evolution of Bi-2223 in a silver 
sheath as described in Sect. 7.1. There has also been work by other authors 
[46, 77, 266], some of them proposing different formation mechanisms for the 
Bi-2223 phase. Especially under discussion is the question whether the Bi- 
2223 phase is formed by nucleation and growth or by intercalation of one ad- 
ditional (Sr,Ca)Cu02 layer into Bi-2212 grains [28]. The latter process should 
be very slow. At present it seems to be that both formation mechanisms are 
possible, depending on the phase composition of the starting powder. If one 
starts with plumbate phases the reaction is supported by transient liquid 
and is faster but the product may contain more second phases. If the lead is 
incorporated into the Bi-2212 phase and the oxygen stoichiometry is chosen 
to be ideal, the reaction is slower as it is no longer liquid-supported but the 
final Bi-2223 may be more phase pure. 

Recently some groups have started to analyze the phase formation of Bi- 
2223 in situ by synchrotron radiation [-50, 111, 226, 227] or neutron diffraction 
[66]. Bi-2223/ Ag monocore tapes undergo the usual heat treatment in a spe- 
cial furnace designed for use in synchrotron or neutron diffraction studies. 
The most complete results have been obtained by Giannini and coworkers 
[66], as in their neutron diffraction experiments they were able to make a 
complete quantitative analysis of seven phases taking part in the Bi-2223 
phase formation. These phases are Bi-2201, Bi-2212, Bi-2223, 3221, the 14:24 
phase, calcium cuprate and copper oxide. The results support the picture of 
liquid-assisted phase evolution in the early stages of the processing. Further- 
more, these authors were able to analyze the crystalline matter present in the 
tape and thus they could trace the texture development during sintering. This 
study shows, in particular, strong evidence for decomposition of the Bi-2212 
and subsequent nucleation and growth of Bi-2223. Up to now this is the most 
informative experiment reported in the literature. However, the studies were 
performed under ambient atmosphere and with a precursor composition from 
which the liquid-supported reaction would be expected. More experiments on 
different reaction routes would be desirable. 

5.2.2 Microstructure and Grain Boundaries 

A fully reacted Bi-2223 tape contains a lot of different microstructural fea- 
tures which are a conseqence of the reaction kinetics. Larger than micron- 
sized features such as voids, second phases or misaligned grains can easily 
found in the optical or scanning electron microscope. However, owing to the 
short coherence length of the HTSC, submicron-sized features are also of 
great importance. These defects can only be found in detailed transmission 
electron microscopy (TEM) studies. TEM analysis is a very sophisticated 
experimental method. Consequently only few groups are able to perform 
these experiments. A lot of detailed work has been reported by Babcock 
and coworkers [11], Eibl [46], Grindatto and coworkers [78] and Holesinger et 
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al. [99] . In these experiments it appeared that second phases are also present 
on a submicron scale between grains. In addition there is signifcant (10%) 
Bi-2212 intergrowth in Bi-2223 grains, as Eibl could show [46]. Holesinger 
[99] could furthermore show that the stoichiometry on a submicron scale is 
inhomogeneous, identifying submicron 3221 inclusions in particular as dele- 
terious for the supercurrent as they cause a lead depletion in the surounding 
Bi-2223 phase. 

Special attention has to be paid to the properties of the grain boundaries, 
as already discussed above. Various kinds of grain boundaries can be found 
in the microstructure of Bi-2223 tapes. Very-low-angle a and b axes grain 
boundaries are the best candidates for good current transport; however, high- 
angle grain boundaries and c axis grain contacts are very dominant in the 
microstructure. Grindatto et al. [78] could show that the most dominant 
small-angle grain boundaries are small-angle c axis tilt and edge-on c axis 
tilt boundaries as described in Chap. 2 of this book (see Fig. 2.2). This 
observation led to the railway switch model of Hensel et al. [95] . 

The detailed structure of grain boundaries (GBs) in HTSCs has been 
studied to some extent by Babcock and coworkers [11]. But up to now most 
of the research has been performed on YBCO bicrystals and thin films. Bab- 
cock et al. could show that the GBs in YBCO bicrystals show faceting and 
dislocations. These features and stoichiometric variations within the GB lead 
to a new vortex state which influences the current transport over the GB 
[27]. In particular, in YBCO bicrystals a crossover is observed from strong- 
to weak-link behavior at angles lower than 10° [90, 92, 93]. Gurevich and 
Pashitskii [81] proposed a grain boundary model which explains well these 
experimental results. 

Not only are these studies on isolated grain boundaries of basic char- 
acter, but the particular microstructure of technical HTSCs shows that 
they are crucial for the understanding and improvement of current trans- 
port in these grain-boundary-dominated materials. Initial TEM results on 
YSZ/Ce02 buffer layers for YBCO-coated conductors show that they consist 
of a network of low-angle grain boundaries [277] similar to those in BSCCO 
conductors. 



6. Characterization of Conductors and Bulk 
HTSCs 



In the previous chapter several of the most important characterization meth- 
ods have already been adressed, but besides microstructural and composi- 
tional investigations, physical properties such as current-carrying capability 
and magnetic behavior have to be examined, too. For certain, the most ba- 
sic properties of a superconductor are its current-carrying capability and its 
behavior in an external magnetic field. 



6.1 Electromagnetic Characteristics 

Usually the first physical quantity which is determined when a superconduc- 
tor comes out of the preparation process is its critical current. The standard 
four-probe method is used in every laboratory and I-V curves are measured 
in order to determine Ic from these curves using the 1 pV criterion. But there 
is more information in the I-V characteristics. Their shape can be evalu- 
ated to estimate the influence of defects in a BSCCO conductor on current 
transport [222]. The slope of the transition (n value) is a measure of the flux 
dynamics [45] . The most interesting analysis, however, is the investigation of 
multiple I-V curves for different temperatures and external magnetic fields. 
These data are used by several groups to determine the ireversibility field H* 
[8] and the vortex glass transition [126] of BSCCO conductors or YBCO and 
Bi-2212 thin films [134, 263]. The results of the scaling analysis, following the 
original paper of Koch et al. [134], are interpreted as a transition of the flux 
line lattice from a vortex glass to vortex liquid behavior. The microstructural 
investigations of grain boundaries as described in the previous chapter are 
supported by measurements of the transport currents over the GBs. Also, sin- 
gle filaments of high-jc BSCCO tapes have been analyzed this way, yielding 
the result that signatures of c axis transport are still present [27]. 

Transport measurements have the drawback that current and voltage con- 
tacts have to be applied. Also, with a macroscopic transport current, mainly 
intergrain properties are tested. Thus contactless methods such as magneti- 
zation and susceptibility experiments are performed, especially when infor- 
mation about the intragrain properties like the flux-pinning characteristics is 
desired. Magnetization and magnetic-susceptibility measurements using dif- 
ferent ac and dc techniques are applied as standard tests by most research 
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groups working on superconductivity. There are, however, groups who spe- 
cialized in this field, such as [148, 149, 150, 271, 281], to mention only a few. 
This field is quite sophisticated, though. Therefore a more detailed discussion 
would be beyond the scope of this book. 



6.2 Superconducting Magnetic Levitation 

When the first experiments on superconducting magnetic levitation were per- 
formed, this effect was still fascinating from a basic point of view and several 
approaches were made to understand the basic physics behind it [20, 158, 198]. 
From the point of view of applications superconducting levitation is very 
interesting as the use of ceramic HTSC frictionless bearings is possible. A 
huge amount of papers has now been published where levitators, trapped- 
fiux motors, flywheels and other possible applications or even prototypes are 
presented. The experimental characterization methods are comparable in all 
cases. The levitation force is measured using a test magnet in a simple setup. 
In addition, trapped magnetic flux is examined using a scanning Hall probe 
technique and pinning properties are analyzed by magnetization experiments. 
The most important progress in this field has been made in sample prepa- 
ration. In particular, Murakami’s group at ISTEC in Japan has succeeded 
in preparing a mixed-phase RE-123 superconducting ceramic with superior 
superconducting and mechanical properties [203]. In a recent review Hull 
summarizes the results on superconducting magnetic levitation [105, 106]. 



6.3 Imaging of Magnetic Flux 
in Type II Superconductors 

When the lower critical field Hd is reached, magnetic flux penetrates a type II 
superconductor. The higher the pinning forces, the less flux is able to enter. 
A hard superconductor, which means it has good pinning properties, thus 
has a high critical current density. This implies that, as already discussed 
in Sect. 4.3, flux penetration is directly correlated with the current-carrying 
capabilities of a superconductor. Consequently, magnetic- flux mapping offers 
the possibility of measuring important sample properties nondestructively 
and with spatial resolution. The first experiments were performed using Hall 
probes and mechanical scanning systems. Later on, magneto-optical imaging 
(MOI) techniques were established. Hall probe measurements exhibit low 
spatial resolution but are less difficult to perform. Therefore flux mapping 
using Hall sensors is used for fast nondestructive testing of large areas or long 
lengths of superconductors, while MOI is applied for more detailed analysis. 
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6.3.1 Scanning Hall Probe Experiments 

Several years ago Hall probes were widely used to characterize YBCO melt- 
processed ceramics [62, 161]. Nowadays they are still used for the measure- 
ment of trapped-flux magnets [59]. In recent years it became apparent that 
this method is also very suitable for the measurement of BSCCO conduc- 
tors. In particular, when a fast nondestructive evaluation of a long length 
of conductor is necessary, scanning Hall probe measurements are a suitable 
technique. In this case the self-field of a transport current is measured either 
along the tape length [17, 241], in order to identify defect areas with reduced 
critical current density, or across the tape width, which, when an ac current is 
flowing, provides information as to whether the filaments of a multifilametary 
tape are coupled [220]. In both cases scanning is necessary only in one di- 
mension and therefore the technique is fairly fast. Its resolution, however, is 
of the order of a millimeter and thus small defects on a micrometer scale are 
not detectable. 

6.3.2 Magneto-Optical Imaging 

For magnetic-flux mapping on a scale of several micrometers magneto-optical 
imaging has proved to be a very powerful method. Originally used by a group 
at Chernegolovka to characterize magnetic materials [109, 223], it was soon 
also applied for the imaging of magnetic flux in high-Tc superconductors. 
For the latter materials this technique turned out to be very useful. The 
role of grain boundaries and microcracks as current-limiting defects could be 
demonstrated successfully [216]. Several groups around the world now use 
this technique in order to analyze the homogeneity of the flux distribution in 
BSCCO tapes [244, 132, 68], YBCO-coated conductors [278], melt-textured 
ceramics [133] and thin Aims [142]. Correlating these results with the current- 
carrying capacity and the microstructure as found in an optical or electron 
microscope enables the researcher to tell which features block or reduce su- 
percurrent transport in the samples examined. Consequently MOI has turned 
out to be a necessary basic characterization tool in HTSC optimization. 



7. Preparation of BSCCO Conductors 



The powder-in-tube (PIT) process as described in Sect. 3.4.2 was used by the 
present author to prepare wires and tapes from BSCCO materials. For both 
Bi-2212 and Bi-2223, green-wire fabrication was identical. Only the thermo- 
mechanical processing was significantly different. Therefore the production 
of green conductors will be treated in one section for both materials. 



7.1 Fabrication of Green Wires and Tapes 

Following the scheme in Sect. 3.4.2, the processing starts with the treatment 
of the precursor powders. After some initial experiments with powder prepa- 
ration [-51], commercially available precursors from the companies Merck and 
Solvay were used. Before filling a calcination step is applied. The silver tubes 
have to be cleaned carefully before filling. This was done mechanically and by 
chemical etching using a mixture of one part H 2 O 2 and three parts NH 4 OH. 
This mixture etches the silver surface and thus removes remaining oxides and 
sulfides. The tube is then sealed at one end. When filling with the powder, 
the silver tube is placed in a hollow cylinder as shown in Fig. 7.1 in order 
to avoid bending of the tubes during the filling process. The precursors are 
densified mechanically up to a density of 1.6-2. 3 g/cm^. This corresponds 
to about 28-41% of the theoretical density of 5.6g/cm^. As an intial den- 
sity of more than 40% does not affect the final density within the processed 
conductor, as could be shown by Zhang et al. [284], experiments using cold 
isostatically pressed precursor powders [201] were not continued. The filled 
silver tube is then transferred into a furnace where it is heated at 400° C for 
at least two days. Afterwards the evacuated tube is sealed. This procedure 
reduces the remaining moisture in the assembly, and consequently bubble 
formation during processing, as observed by other groups [16], is avoided. 

Mechanical deformation follows as the subsequent step in the PIT pro- 
cess. Deformation techniques play an important role in achieving good homo- 
geneity of the conductors over long lengths. A detailed consideration of the 
forces acting during mechanical deformation is given by [84]. The deforma- 
tion process takes place in several steps. As we did not prepare long lengths 
of conductors extrusion was not necessary. Profile rolling and wire drawing 
were used instead as starting steps. Monocore and multifilamentary wires and 

Beate R. Lehndorff: High- Tr Superconductors for Magnet and Energy Technology, 

STMP 171, 85-100 (2001) 
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Fig. 7.1. Hollow cylinders 
used to avoid bending during 
filling the precursor powders 
into the silver tubes 



tapes were produced in cooperation with Cryoelectra GmbH in Wuppertal. 
Most of the mechanical processes were performed in the Duisburg laboratory 
of this company. Tape rolling and pressing between sintering cycles was done 
at the University of Wuppertal. 

Multifilamentary conductors were fabricated by restacking monocore 
wires into silver tubes and repeated mechanical processing. Drawing and 
profile rolling and a combination of both techniques were applied. The pro- 
file roll consists of square shaped grooves of decreasing size. The forces are 
quite different in the two processes. The highest force acts in the drawing 
direction during wire drawing, while in a rolling process the highest force 
acts normal to the surface of the rolled conductor. Consequently, the typ- 
ical damage is tearing in the case of wire drawing and cracks in the silver 
sheath during rolling owing to the asymmetric force distribution. Cross sec- 
tions of a 4 X 4 multifilamentary wire prepared using only profile rolling and 
a 19-filament wire which was fabricated with combined drawing and profile 
rolling are shown in Figs. 7.2 and 7.3 for comparison. These pictures show 
that with the latter process a more regular arrangement of the filaments 
within the silver sheath can be obtained. During drawing, the filaments ar- 
range according to the “magic numbers” a„ = -b 3n -b 1 (7, 19, 37, 61, 
etc.). Once the filaments are fixed in their position the conductor can be 
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Fig. 7.2. Cross section of a 16-filament Fig. 7.3. Cross section of a 19-filament 
wire fabricated by profile rolling wire fabricated by a combination of 

drawing and profile rolling 



profile rolled without changing this arrangement. A further possibility was 
to use hexagonal or square-shaped monocore wires instead of round ones for 
restacking into multifilaments. This variation of the geometrical arrangement 
allows for a higher space filling. In principle, with round wires 82.7% of the 
space within a round tube can be filled. With a hexagonal arrangement 93% 
space filling is possible. Only square filaments within a square tube yield 
100% filling theoretically. Three possible arrangements were tested experi- 
mentally. The highest critical currents with the lowest spread were achieved 
with the hexagonal arrangement of wire drawing. The results are depicted in 
Fig. 7.4. 




profile rolling, round drawing, round drawing, hexagonal 
deformation, shape of conductor 



.0 

.8 




Fig. 7.4. Comparison of different deformation techniques 
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The final step in mechanical deformation is tape rolling. Experiments 
showed that there was an optimum tape thickness around 270 pm. For higher 
and lower thicknesses the critical current density is lower, as depicted in 
Fig. 7.5. The decrease in jc with increasing tape thickness is commonly ex- 
plained by reduced texture of the superconducting core. It is well known from 
several experiments [216, 163] that the critical current density is higher at the 
silver-BSCCO interface owing to the enhanced texture of the micrograins. 
With higher tape thickness more poorly aligned grains within the center of 
the core are present, which reduce the overall critical current density. The 
reduction of jc with decreasing thickness below 270 pm may be caused by 
an inhomogeneous longitudinal section introduced by sausaging. A more de- 
tailed discussion of the influence of the mechanical deformation process is 
given in [101]. 




Fig. 7.5. Critical current density of Bi-2223 tapes as a function of thickness after 
the first sintering step 



7.2 Thermal Processing of Bi-2212/Ag Conductors 

The procedures for thermal processing of Bi-2212 and Bi-2223 differ strongly. 
While Bi-2212 can be formed by a melt process, Bi-2223 has to be formed 
by a solid-state reaction as the compound decomposes irreversibly above its 
melting point. 
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7.2.1 Processing Scheme 

The initial optimization studies were performed on Bi-2212 monocore wires. 
A typical temperature-time diagram is shown in Fig. 7.6. There is a whole 
set of not necessarily independent parameters which have to be optimized. 
Firstly the maximum temperature Ttop has to be determined, which has to be 
higher than the melting temperature of Bi-2212. This melting temperature 
itself is a function of the atmosphere and the stoichiometry of the precursor 
powder. Stoichiometric Bi-2212 precursor powders were used throughout the 
experiments. After a certain dwell time at Ttop the melt is cooled to Tginter, 
which lies below the melting temperature. At this point recrystallization sets 
in. Cooling rates and the dwell time at Tginter also affect the results. 




Fig. 7.6. Schematic temperature-time diagram for the processing of Bi-2212 con- 
ductors 



In order to optimize Ttop under ambient atmosphere and pressure, Tginter 
was kept constant at 840°C. The dwell time was varied up to 120 min and the 
sintering time between 20 h and 120 h. Figure 7.7 shows the critical current 
and critical current density of monocore and multifilament conductors at 77 K 
in self- field as a function of the maximum temperature Ttop. The melting 
temperature of Bi-2212 under ambient conditions is 880°C. Consequently a 
critical current can only be detected after processing above this temperature. 
The monocore conductors show a distinct maximum at 913°C, while the 
multifilaments show a plateau above 910°C. 

7.2.2 Void Formation 

The reason for the different behavior of monocore and multifilamentary con- 
ductors becomes clear from quench studies. In Fig. 7.8 optical micrographs of 
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Fig. 7 . 7 . Optimization of the maximum temperature Ttop for monocore and mul- 
tifilamentary Bi-2212 conductors 



longitudinal sections of Bi-2212 monocore wires are shown. The wires have 
been heated up to the indicated temperature and subsequently quenched in 
liquid nitrogen. At 670°C the core still consists of compacted powder. At 
880° C the powder melts and starts to compact further, forming voids in the 
neighborhood of the melt. With increasing maximum temperature the voids 
coalesce while big voids grow bigger at the expense of smaller ones (Ostwald 
ripening). At 920°C these cavities are big enough to fill the total cross sec- 
tion of the ceramic core. In the case of a monocore wire this means complete 
blocking of current transport, while in a multifilament conductor there are 
still other filaments left which can contribute to the current transport. 

There are several reasons for porosity in Bi-2212 conductors [284]: 

1. Expanding gases such as N 2 or water vapor. 

2. Carbon impurities in the precursor powder, which are released in the form 
of CO 2 . 

3. Densification of the core due to melting. 

The first possibility has been excluded by the pretreatment at elevated 
temperature in vacuum. 

Concerning the second possibility, as the precursor materials for powder 
formation contain carbonates a certain amount of carbon remains in the 
starting powder as impurity. During the preparation process the carbon forms 
CO 2 and leaves the melt. Depending on the amount of carbon impurities this 
can even lead to bubble formation in the silver sheath. Zhang and coworkers 
[284] found that a significant reduction of carbon impurities to below 200 ppm 
and processing in 100% oxygen stops bubble formation. 
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Fig. 7.8. Optical micrographs of Bi-2212/Ag wires quenched from different stages 
of the sintering process 



Concerning the third possibility, the remaining porosity stems from the 
fact that the packing density in the green wire after mechanical deformation 
is between 75% and 85%. As the formation of the Bi-2212 superconductor 
within the silver sheath is a melt process a densification up to theoretical 
density takes place, leaving up to 25% of porosity. 

Porosity is much higher in a wire than in a tape. This might partly be due 
to a higher densification of the green tape caused be the additional rolling. In 
addition the silver sheath is much thinner and, owing to its geometrical shape, 
is less stable in a tape than in a wire. Consequently, collapsing during thermal 
processing is more likely for the tape geometry. In order to reduce porosity, 
overpressure processing has been performed in collaboration with the Applied 
Superconductivity Center of the University of Wisconsin at Madison. The 
results of these experiments will be presented in detail in Chap. 8. 
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7.2.3 Microstructure Development 

After incongruent melting of the ceramic core the processing temperature 
is lowered to Tginter, which usually is 840°C. At this point Bi-2212 starts to 
recrystallize from the melt. Bi-2212 crystals form from alkaline-earth cuprates 
and copper-free compounds according to 

Liq. -k (Sr, Ca)i4Cu240x + Bi 2 (Sr, Ca)20x ^ Bi - 2212 , (7.1) 

Liq. -k (Sr, Ca)Cu02 + Bi 2 (Sr, Ca) 40 x ^ Bi - 2212 . (7.2) 

The velocity of this reaction is quite slow. The maximum critical current 
density was only reached after 150 h of sintering time. The critical current 
density as a function of sintering time is shown in Fig. 7.9. 




Fig. 7.9. Critical current density as a function of sintering time 



The development of the microstructure during the preparation process 
was studied by quench experiments. Figure 7. 10 denotes the stages in the 
process at which samples were quenched into liquid nitrogen. Electron mi- 
croscopy was then performed on these samples. 

Figure 7.11 shows the ceramic core 6 min after the maximum temperature 
of 920°C has been reached. Obviously, still not all of the material is molten. 
Between the melt regions there are still powder particles present. After 30 min 
at 920°C the material is completely molten as can be seen from Fig. 7.12. Fig- 
ure 7.13 shows the ceramic core after 100 h of sintering time. The platelet-like 
microcrystals of Bi-2212 are clearly visible. There is no preferential texture 
as the sample was a Bi-2212 wire. The crystal growth seems to be complete 
after 50 h, as no obvious difference in microstructure between wires sintered 
for 50 h and 100 h could be found. 

Nevertheless the critical current density still improves at up to 150 h of 
sintering time. There might be processes on a much smaller scale along the 
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Fig. 7.10. Points in the time- 
temperature diagram from which 
samples were quenched 




Fig. 7.11. Microstructure of a Bi- 
2212 monocore wire obtained by elec- 
tron microscopy shortly after reaching 
Ttop = 920°C (QPl) 




Fig. 7.12. Microstructure of a Bi-2212 Fig. 7.13. Microstructure of a Bi-2212 
monocore wire obtained by electron mi- monocore wire obtained by electron mi- 
croscopy after 30 min at maximum tem- croscopy after completion of the sintering 
perature (QP2) process (QP4) 



grain boundaries which are not complete after 50 h. The quench experiments 
presented here, however, are not exact enough to obtain more detailed results, 
especially as owing to the Leidenfrost phenomenon the cooling rate in liquid 
nitrogen is as low as about 600 K/s. 



7.3 Thermo-Mechanical Processing of Bi-2223/Ag Tapes 

As already discussed to some extent in Sect. 3.4.3, the preparation route of 
Bi-2223 is more complex than that of Bi-2212. The compound has to be 
kept well below the melting point, otherwise it decomposes irreversibly. In 
the beginning of the reaction a small amount of liquid phase is present to 
support the growth of Bi-2223 grains. The main reaction is a solid-state 
reaction and mechanical treatment is necessary to enhance grain alignment. 
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Thermal and mechanical processing are applied in consecutive cycles. The 
optimization procedures were studied using 15 cm long samples. 

7.3.1 Precursor Powder 

As the precursor a commercially available powder (Merck) was used. The pro- 
duction process is spray pyrolysis, which introduces variations in the cation 
stoichiometry. The company gives the tolerance interval as 3%. As the cation 
stoichiometry affects the reaction kinetics - the reaction is faster with in- 
creasing Ca and Cu content [11, 239, 275] - and the melting temperature, 
an optimization process has to be performed for each new powder batch. All 
experiments presented were conducted with one powder batch. 

The main compound in the starting powder is Bi-2212, as can be seen 
from x-ray diffraction in Fig. 7.14. The overall composition of the powder 
ME7 is summarized in Table 7.1 including the nominal (wanted) and the 
actual (measured by X-ray analysis) stoichiometry, as given by the supplier. 
All values are normalized to the copper content. 




2 Theta [”] 

Fig. 7.14. X-ray diffraction analysis of the starting powder ME7. The main com- 
pound is Bi-2212 



As already mentioned, traces of carbon are the most unwanted impurity. 
Carbon is known to precipitate at grain boundaries and is also responsible for 
porosity due to gas development during processing. Thus it has a significant 
influence on grain connectivity [56, 276]. A carbon content below 0.38 atom 
% is considered to be low enough [275]. 
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Table 7.1. Elemental analysis of the Bi-2223 precursor ME7 as delivered by Merck. 
The values are normalized to the copper content 



Element 


Weight % 


Atom % 


Actual 


Nominal 


Lead 


6.7 


3.8 


0.34 


0.33 


Bismuth 


37.4 


21.0 


1.91 


1.80 


Strontium 


14.7 


19.7 


1.79 


1.87 


Calcium 


7.4 


21.6 


1.97 


2.00 


Copper 


17.9 


33.0 


3.00 


3.00 


Nitrogen 


< 0.05 


< 0.42 






Carbon 


< 0.05 


< 0.49 






Barium 


< 0.01 


< 0.01 






Iron 


< 0.01 


< 0.02 






Silicon 


< 0.01 


< 0.04 






Zirconium 


< 0.01 


< 0.01 







7.3.2 Number of Processing Steps 

A schematic outline of the thermo-mechanical treatment is given in Fig. 7.15. 
Intermediate rolling or pressing plays a key role in this process route. This 
mechanical step is necessary to densify the ceramic core and obtain good 
alignment of the Bi-2223 microcrystals. However, during deformation cracks 
are introduced, which have to be healed in the subsequent thermal processing. 
With increasing reaction time the amount of liquid phase available for heal- 
ing the cracks decreases. Thus after a certain number of thermo-mechanical 
cycles the critical current density can no longer be improved. This is obvious 
from Fig. 7.16, where the critical current and current density are plotted as a 
function of sintering time with an increasing number of mechanical processing 
steps. 




Fig. 7.15. Schematic temperature-time diagram for the preparation of Bi-2223/Ag 
tapes 
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Fig. 7.16. Repeated inter- 
mediate mechanical treatment 
(pressing and rolling) of a Bi- 
2223/ Ag 37-filament tape. The 
sintering temperature was kept 
constant at 836° C 



In this plot the principal difference between rolling and pressing shows 
up in the optimum number of intermediate mechanical treatments. While 
after two rolling steps the critical current density decreases, indicating that 
the cracks introduced are no longer healed, up to four pressing steps are 
necessary to reach a plateau. The overall critical current density which can 
be reached by pressing is much higher than in rolled tapes. The maximum 
value obtained was 32kA/cm^ at 77 K in self-field for pressed tapes. 

7.3.3 First Thermal Processing Step 

The preparation procedure was optimized successively, starting with the first 
sintering step. The important parameters are the processing temperature T\ 
and the processing time which are varied in a narrow grid. This is usu- 
ally a very time-consuming procedure. A gradient furnace was used to obtain 
the results in a shorter time. The calibration of this furnace was performed 
very carefully; thus each position inside the chamber has a certain known 
temperature. Putting samples at different positions within this gradient al- 
lows for preparation of several points of the parameter matrix in one step. A 
temperature interval of 30° C could be covered with one preparation step. 

Figure 7.17 shows the critical current as a function of processing tempera- 
ture in the first step for 19- and 49-filament Bi-2223 tapes. The holding time 
was 50 h in each experiment. There is a pronounced maximum at 852°C, 
which corresponds to the furnace temperature O. The real temperature T 
in this furnace is 11°C below the indicated value. Below this temperature Ic 
decreases slowly; above it the decrease is fast and can be explained by the 
decomposition of the core material as already discussed. A different number 
of filaments leads to a different absolute value of Ic but the shape of the curve 
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Fig. 7.17. Optimum temperature (furnace temperature) for the first thermal treat- 
ment determined in a gradient furnace for Bi-2223/Ag 19- and 49-filament tapes 
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is similar. For further processing a maximum temperature of 0 = 850°C, cor- 
responding to a real temperature of T = 839°C, was chosen. This is slightly 
below the optimum temperature as determined from the optimization pro- 
cedure. But taking into account possible deviations of temperature in any 
given furnace it is safer to choose the lower temperature in order to avoid 
decomposition of the material at the high-temperature side. 

The second parameter to optimize is the duration of the first sintering 
step. The processing temperature was kept constant at T = 839°C. After a 
certain sintering time Ic and were determined and the samples were ana- 
lyzed by x-ray diffraction. Figure 7.18 shows the XRD spectra as a function of 
sintering time. The identification of the x-ray peaks was performed according 
to [20G]. After 10 h of sintering time Bi-2212 is still the dominating phase. 
Within the first 30 h Bi-2212 reacts with Ca 2 Pb 04 and CuO to form Bi-2223. 
This reaction is quite fast as the plumbates, as a liquid phase, enhance the 
reaction kinetics. After 30 h most of the liquid is consumed and the reac- 
tion becomes very slow, as is typical for a solid-state reaction as described in 
Sect. 3.4.3. The amount of Bi-2223 phase is already around 50% after 15 h. 
After 110 h of sintering the Bi-2223 phase content is as high as 94%. But 
there is still Bi-2212 present in the XRD spectrum. 

The Bi-2223 phase content and the critical current Ic are correlated with 
the sintering time in Fig. 7.19. This plot clearly shows the reaction kinetics. 
After about 15 h the first nonzero Ic is measured. The phase content of Bi- 
2223 is 50% and only now is a connected current path possible. The critical 
current increases fast, together with the Bi-2223 phase content, up to a pro- 
cessing time of about 30 h. The further increase in critical current, as well as 
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Fig. 7.18. XRD analysis of Bi-2223/Ag tapes processed with increasing sintering 
time in the hrst processing step 
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Fig. 7.19. Bi-2223 phase content and critical current of Bi-2223/Ag tapes as a 
function of sintering time in the first processing step 
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in phase content, is slow but still has a positive slope at 110 h. This behavior 
corresponds well to the reaction scheme described in Sect. 3.4.3. 



7.3.4 Further Processing Steps 

A second thermal processing usually follows after intermediate pressing or 
rolling. For the determination of the optimum temperature in the second step 
this intermediate mechanical treatment was omitted. The first processing step 
was performed in a homogeneous furnace at 6> = 847°C for 50 h. The second 
temperature was then again optimized in the gradient furnace. The results 
are shown in Fig. 7.20. Here the critical current is plotted as a function of the 
temperature in the second processing step. The results from the optimization 
of the first step are added for comparison. As can be seen, the optimum 
temperature in the second thermal processing lies 17°C below the optimum 
temperature in the first step. However, if an intermediate mechanical process 
is introduced between the first and the second sintering step the critical 
current densities in the second step degrade significantly. This indicates that 
it is of advantage to use a lower sintering temperature in the third stage and 
apply an intermediate mechanical processing with subsequent sintering at the 
same temperature in order to heal the cracks introduced by the rolling. 



18 
16 
14 
12 
K 10 



Id 6 

o 

“ 4 
2 
0 

820 825 830 835 840 845 850 855 

sintering temperature [°C] 

Fig. 7.20. Optimum temperature iu the second processing step in comparison with 
the first sintering process 
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The optimum temperature in the third step was determined in a compara- 
ble manner to the temperatures before. Samples were sintered at 0 = 847°C 
two times for 50 h with intermediate rolling. The temperature of the final step 
was then determined in the gradient furnace as described before. The result is 
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Fig. 7.21. Optimum processing temperature ©3 in the third stage of the sintering 
process 



shown in Fig. 7.21. Again the reduced temperature is 6> = 830°C, correspond- 
ing to T = 819°C absolute as determined in the second step. The reduction 
of the processing temperature in the final step leads to significantly enhanced 
critical current densities, implying some important experimental results, and 
will therefore be treated separately in Chap. 9. 



8. Overpressure Processing 
of Bi-2212 Conductors 



The principal production route of Bi-2212/Ag conductors using the PIT pro- 
cess under ambient conditions has been described in Chap. 7. From these 
results it became clear that porosity and void formation are a major prob- 
lem in the fabrication of Bi-2212 wires and partly also in tapes. Reduction 
of porosity could be achieved by processing in 100% oxygen as reported by 
Zhang et al. [284]. Void and bubble formation could be reduced by a gas 
pressure melting process as proposed by [119] and also applied by Reeves 
et al. to Bi-2212 tapes [231]. Some detailed experiments have therefore been 
performed on overpressure processing of multifilamentary Bi-2212 wires and 
tapes in collaboration with the Applied Superconductivity Center of the Uni- 
versity of Wisconsin at Madison. 



8.1 Void Reduction in Bi-2212/Ag Wires 

8.1.1 Processing Scheme 

As already mentioned, void formation is stronger in wires than in tape con- 
ductors. This may be partly due to the missing tape-rolling step, which in- 
troduces further densification. On the other hand the silver sheath of wires 
is usually thicker than that of tapes; thus collapsing of the sheath during 
processing is less probable. Furthermore, round or square wires have a ge- 
ometrically more stable shape than a tape conductor, which also hinders 
collapsing of the sheath into the remaining voids. As Reeves et al. [231] have 
already shown, the critical current density of Bi-2212 monocore tapes can be 
enhanced by about 20% to 30% by using overpressure processing. The same 
overpressure processing was therefore applied to multifilamentary Bi-2212 
wires. The samples were 19-filament wires of Bi-2212 with a nearly square 
cross section as shown in Fig. 7.3. The wires were pretreated for one day at 
700°C in vacuum and for another two days at 835°C in 100% oxygen. The 
temperatures given here are all absolute temperatures. After this preanneal- 
ing step the processing was continued using the temperature-time diagram 
depicted in Fig. 8.1. 
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Fig. 8.1. Temperature-time diagram for overpressure processing of Bi-2212 con- 
ductors 



8.1.2 Critical Current Density 

Overpressure was applied by compressing a mixture of oxygen and argon up 
to 5 atm, yielding 1 atm of oxygen as in the normal-pressure processing plus 
4 atm argon. The point when pressure was applied was varied from the very 
beginning of the process to slightly after melting. The results were compared 
with normal-pressure-processed samples from the same furnace. The critical 
current of the samples were measured after processing, in liquid helium at 

4.2 K and in self-field. The results are shown in Fig. 8.2 as a histogram. The 
critical current is plotted as a function of the onset point of overpressure. The 
Roman numerals refer to the notation in Fig. 8.1. The highest 1 ^ values and 
the lowest scatter are obtained when overpressure is applied either from the 
beginning or after the 835°C step. For the latter, the critical current could 
be doubled from 140 A to 280 A. These values correspond to critical current 
densities of 48kA/cm^ and 96kA/cm^, respectively. The cross-sectional area 
as determined from the green wire in Fig. 7.3 was assumed for calculating jc, 
which is a conservative assumption as the superconductor cross section after 
processing is usually smaller. 

8.1.3 Microstructure 

Electron microscopy easily reveals the reason for this significant enhancement 
of the critical current. Figure 8.3 shows an SEM micrograph of the longitudi- 
nal section of a 19-filament Bi-2212 wire processed under normal pressure in 
100% oxygen. In Fig. 8.4 an SEM image of a longitudinal section of a sample 
from the same batch but processed with overpressure is depicted. 
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Fig. 8.2. Critical current at 4.2 K in self-field as a function of the onset point of 
overpressure as denoted in Fig. 8.1, for 19-filament Bi-2212/Ag wires 







Fig. 8.3. SEM micrograph of a 19- 
filament Bi-2212 wire processed at 1 atm 
in pure oxygen 



Fig. 8.4. SEM micrograph of a 19- 
filament Bi-2212 wire processed in 5 atm 
oxygen 



Large voids destroying whole filaments can be seen in Fig. 8.3. The 
overpressure-processed wire of Fig. 8.4 still has much porosity but the voids 
are much smaller and more filaments seem to be intact. This implies that 
overpressure can significantly reduce macroscopic void formation in wires of 
Bi-2212. 



8.2 Overpressure Processing of Bi-2212/ Ag Tapes 

The success of the overpressure processing of wire conductors of Bi-2212 
suggests that conductor geometry plays an important role. Thus it seemed 
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reasonable to apply the same treatment to tape conductors of various thick- 
nesses. 

8.2.1 Thickness Dependence of the Critical Cnrrent Density 

The same preannealing and processing scheme (Fig. 8.1) was used for these 
experiments. The samples were 15-filament Bi-2212/ Ag tapes of various thick- 
nesses. An optical micrograph of a 360 pm thick tape is shown as an example 
in Fig. 8.5. 




Fig. 8.5. Optical micrograph of the cross section of a 15-filament Bi-2212 tape 



Tapes with 15 filaments of thickness 160, 260, 330 and 760 pm and 37- 
filament wires 1.4 x 1.2 mm square were processed with up to three preanneal 
steps and under normal pressure or overpressure, throughout or at 835°C, re- 
spectively. The critical current of the processed conductors was measured at 
4.2 K in self-field. The engineering critical current densities je are depicted 
in Fig. 8.6 as a function of conductor thickness. All samples exhibit a simi- 
lar thickness dependence of the critical current density; only the position of 
the maximum varies slightly. For very thick and very thin tapes the critical 




Fig. 8.6. Engineering critical current density as a function of thickness for various 
preparation processes 
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current density is lowest. The absolute value of je decreases with increasing 
number of pretreatments. 



8.2.2 Magneto- Optical Imaging 

In order to find out the reason for the thickness dependence, especially for 
thinner tapes, magneto-optical imaging was performed on the set of samples 
denoted V3 in Fig. 8.6. For this purpose the silver sheath of the samples 
was etched off in a mixture of two parts H2O2 and five parts NH4OH. The 
samples were then mounted on a copper plate and magneto-optical images 
were obtained in the apparatus described by [109]. The images are shown in 
Fig. 8.7. 



N1 



B2 




Fig. 8.7. Magneto-optical images of a set of Bi-2212 tapes of thickness 160 |tm 
(Nl), 260 gm (N2), 330 gm (N3) and 760 gm (N4). All images were recorded at 
15 K and in a magnetic field of 40 mT. The total width of the image area is 2 mm 



The thinnest tape is completely penetrated by magnetic flux at a field 
strength of 40 mT. While samples 2 and 3 show similar flux penetration, 
sample 3 has large areas where no flux has entered. The amount of flux 
entry corresponds well to the critical current density, exhibiting the lowest 
penetration for the highest jc- 

8.2.3 Microstructural Analysis 

It was assumed that the origin of the flux penetration behavior lies in the mi- 
crostructure. Thus the same samples were subsequently examined in an elec- 
tron microscope (Philips XL30) with EDAX energy dispersive x-ray diffrac- 
tion (EDX). The results are shown in Fig. 8.8. These images were taken at 
a magnification of 200 times and are pure or mixed backscattered-electron 
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Fig. 8.8. Electron micrographs of a set of Bi-2212 tapes of thickness 160 |tm (Nl), 
260|tm (N2), 330pm (N3) and 760pm (N4). All images are pure backscattered- 
electron images or mixed secondary- and backscattered-electron micrographs 




Fig. 8.9. Lower-magnification (50 times) SEM images of samples N3 (left) and N4 
(nght) for comparison of overall porosity 



images. Sample 1 obviously contains a lot of second phases and has a very 
fine-grained microstructure. The EDX results show copper-free phase as the 
main impurity. Sample 2 still contains impurities (copper-free phase) but its 
microstructure is much more compact. Nearly no second phases are found in 
sample 3. The microstructure is very compact, as would be expected for a 
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melted and recrystallized material. Sample 4 again has second phases and a 
lot of porosity. 

The secondary-electron images in Fig. 8.9 exhibit the higher overall poros- 
ity of sample 4 in comparison with sample 3 more clearly, as they were taken 
at a lower magnification (50 times). 

8.2.4 X-ray Results 

In order to obtain more detailed information about the second-phase content 
of the Bi-2212 tapes x-ray analyses were performed. The overall XRD spectra 
of all four samples are shown in Fig. 8.10. 




Fig. 8.10. XRD spectra of Bi-2212 tapes of various thickness. The silver reflections 
stem from the sheath material and the copper peaks from the sample holder 



The main Bi-2212 peaks are easily identified. Spurious Ag and Cu reflec- 
tions stem from the silver sheath and the copper sample holder, respectively. 
The thinner samples 1 and 2 exhibit weak peaks at around 30° , which can be 
attributed to the 2:4 copper-free phase. The region between 28° and 32° is 
shown in a close-up view in Fig. 8.11. The amount of copper-free phase clearly 
decreases with increasing thickness of the Bi-2212 tape. This is well in corre- 
spondence with the EDX results from the electron microscope examinations. 
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Fig. 8.11. Enlargement of the XRD spectra from Fig. 8.10 around 30° showing 
the development of the amount of copper-free phase in the Bi-2212 tapes with 
increasing thickness 



8.2.5 Interpretation 

The reduction of the critical current density with increasing thickness for the 
thicker tapes can be understood in terms of incomplete texture and enhanced 
porosity due to the thickness of the superconducting core. This is a well- 
known phenomenon in Bi-2223 tapes also. One reason for the poor alignment 
may be the reduced ratio of silver/Bi-2212 interface as compared with thinner 
tapes. It is well known from the literature [283] that the degree of texture 
and jc are much higher at the interface. 

The reason for the jc reduction in the thinner tapes is the much higher 
content of impurity phases. This huge amount of second phases, however, 
is not well understood. One possible explanation might be that the higher 
interface-to- volume ratio may reduce the optimum sintering temperature. 
This would imply that the processing temperature used was too high, thus 
leading to enhanced second-phase production. But this could not be con- 
firmed in differential thermal analysis (DTA) measurements of the tapes. 
Another possibility is that thinner silver sheaths have a higher oxygen per- 
meability and thus the oxygen concentration within the ceramic core might 
be changed, consequently changing the phase equilibrium for the optimum 
reaction. The experimental verification of this hypothesis is not easy. The 
most probable explanation, however, is the incomplete redistribution of the 
liquid during melting. Owing to the restricted geometry in the thinner tapes 
the incongruently melted liquid cannot be redistributed efficiently. This leads 
to a locally inhomogeneous, nonstoichiometric distribution of the components 
and thus to an enhanced amount of second phases. 



9. Processing of Bi-2223/Ag Tapes 
at Reduced Final Temperature 



As already mentioned in Sect. 7.3, a lower value of the final sintering temper- 
ature was found to be useful for the processing of Bi-2223/Ag tapes [85]. This 
has also been reported by Wang et al. and Zeimitz et al.[265, 280], who ap- 
ply a two-stage sintering process with intermediate rolling. The experiments 
presented here were performed with different two- and three-stage processes. 
The best results were obtained with a three-stage sintering process and a 
reduced sintering temperature in the final step. 



9.1 Processing Schemes 

Three different processing schemes were applied. Schematic outlines of these 
processes are given in Fig. 9.1. All processes have in common one heat treat- 
ment at T = 839°C with an intermediate rolling step. Processes I and III 
consist of a second step at 839°C with subsequent cooling to room temper- 
ature. Process II is comparable to the two-stage process applied by Zeimetz 




Fig. 9.1. Different sintering processes for Bi-2223/Ag tapes 

Beate R. Lehndorff: High- Tr Superconductors for Magnet and Energy Technology, 
STMP 171, 109-115 (2001) 

(c) Springer-Verlag Berlin Heidelberg 2001 
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et al. [280]. The final step in process I takes place at reduced temperature, 
while in process III the final processing is done at 639°C too. No intermediate 
rolling was performed between second and last steps. 



9.2 Critical Current Density 

The lowest critical current density was achieved when all three processing 
steps were performed at the same temperature. A somewhat higher jc was 
achieved when the processing temperature in the third step was reduced 
without intermediate cooling. This corresponds well with results reported in 
[280]. The most significant enhancement, however, was obtained on cooling 
to room temperature between the second and third sintering steps. Typical 
results for the three processing options are listed in Table 9.1. 



Table 9.1. Critical current and relative peak intensity for the BSCCO compounds 
as obtained from XRD analysis for the different processing schemes 



Process 


^ (A) 


jc 

(A/cm^) 


RPI 

Bi-2201 


RPI 

Bi-2212 


RPI 

Bi-2223 


RPI 

Bi-3221 


I 


22.2 


15400 


0 


8.8 


90.3 


0.9 


II 


10.0 


6900 


0 


6.5 


91.7 


1.8 


III 


7.4 


5100 


2.0 


5.0 


90.1 


2.9 



For several samples processed with variation I the critical current density 
was measured before and after the third processing step. The results are 
depicted in Fig. 9.2, as Ic before the last step as a function of Ic after the 
final step. The data were obtained from a variety of multifilamentary tapes 
with 19, 37 and 49 filaments. Some results on Ag/Au-clad tapes are also 
added in the plot. An overall enhancement of a factor of 2.9 is evident from 
the results. 



9.3 X-ray Analysis 

In order to obtain information about the reason for the significant jc im- 
provement, x-ray diffraction (XRD) analysis was performed. The XRD spec- 
tra exhibit a change in content of the various BSCCO compounds. Figure 9.3 
shows the relative peak intensities (RPIs) for Bi-2201, Bi-3221, Bi-2223 and 
Bi-2212 for tapes with and without the 819°C processing step. The RPI is 
not a quantitative but only a qualitative measure of the real content of the 
respective phase. It is, however, sufficient for comparing the phase develop- 
ment of the different compounds. The RPIs are listed in Table 9.1 for all four 
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/ after 2. heat treatment 

c 

Fig. 9.2. Correlation between critical current densities before and after the last 
sintering step 
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Fig. 9.3. Determination of phase content for the different BSCCO compounds by 
x-ray diffraction before and after the 819° C step 
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BSCCO compounds and all three processing schemes. Within the experimen- 
tal accuracy Bi-2201 is reduced to zero percent when the lower final sintering 
temperature is introduced. This was also observed by Zeimitz and coworkers 
[280]. Furthermore we observe an enhancement of the Bi-2212 content and re- 
duction of Bi-3221 in the sequence from process III to process I. The greatest 
change takes place between process II and process I. Bi-3221 is reduced by 
a factor of two upon introducing intermediate cooling to room temperature, 
while the Bi-2212 content rises to 8.8% R.PI. 

Thus reduction of the final processing temperature reduces the Bi-2201 
content, but with intermediate cooling to room temperature in addition, the 
Bi-3221 content is reduced, too. 



9.4 Microstructural Examination 

As compositional changes of less than 10% have such a significant influence 
on the critical current density it is crucial to know where the second phases 
can be found in the microstructure. Thus scanning electron microscopy was 
used to study the microstructural features of the above samples. Figures 9.4 
and 9.5 show a set of SEM micrographs for samples prepared with all three 
processing schemes. 

The top part of Fig. 9.4 shows the microstructure of a sample before the 
last processing step. A large amount of Bi-2201 can be found between the 
grains. The bottom picture exhibits the microstructure of a sample processed 
with variation II, i.e. without intermediate cooling. No Bi-2201 should be 
present according to the XRD analysis. But there are still second phases 
between grains. The length scale, however, is reduced (note the different 
magnification). The dimensions of these second phases were too small to 
obtain reliable EDX data. Comparing the micrographs with the XRD data, 
however, suggests that there is Bi-3221 between the microcrystals. 

Figure 9.5 shows two micrographs of samples prepared with intermediate 
cooling (process I), again with two different magnifications. There is obviously 
much less second phase present between the grains. 

Solidified liquid phases between grains as a by-product of incomplete con- 
version of the precursor to Bi-2223 have also been reported by Farrell et al. 
[214]. The results presented here, however, give evidence that it is possible 
to remove most of these “liquid phases” by the proposed thermo-mechanical 
processing. 



9.5 Ac Susceptibility Results 

Results from ac susceptibility measurements [80] give further indications that 
the grain connectivity is improved by the removal of second phases from the 
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Fig. 9.4. SEM micrograph of a 37- Fig. 9.5. SEM micrographs of two 
filament Bi-2223/Ag tape before {top) 37-filament Bi-2223/Ag tapes after fi- 
and after {bottom) final sintering without nal processing. Note the different length 
intermediate cooling. Note the different scales on the two pictures 
length scales 



grain boundaries. Figure 9.6 shows results of experiments performed before 
(top) and after (bottom) the final sintering step. 

Before final processing the Bi-2223 tape exhibits a weak screening ef- 
fect at Tc and additional screening at 98 K. The diamagnetic signal at lower 
temperatures vanishes with increasing ac field amplitude indicating that the 
corresponding screening currents are destroyed by the ac magnetic field. After 
final sintering the tape exhibits good screening behavior and the screening 
currents are only weakened, not completely destroyed, by an ac field of the 
same field strength as in the previous experiment. 

These results indicate that before final sintering most of the screening 
takes place within the grains. Only at lower temperatures is a macroscopic 
screening current present, which, however, can be easily destroyed by higher 
ac field amplitudes. After final sintering a macroscopic screening current flows 
at Tc, which is affected but not completely destroyed by the ac field strength. 
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Fig. 9.6. Ac susceptibility (real and imaginary parts) of a Bi-2223/Ag tape be- 
fore {top) and after (bottom) the final sintering step of process I as a function of 
temperature and for various ac field amplitudes 

In addition, in the latter case the imaginary part, which is a measure of the 
ac losses, shows much smaller peaks as compared with the first experiment, 
implying that the inter grain losses are much lower. 



9.6 Discussion 

The different results of processes II and III can be well understood, as dis- 
cussed in Sect. 3.4.3. The results of process II are a confirmation of the results 
reported by Wang et al. [265] and can be explained by the complete removal 
of the Bi-2201 phase between grains due to the reduced sintering temperature 
in the final step. The top of Fig. 9.4 exhibits a similar microstructure to that 
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Fig. 9.7. Section of the XRD spectra for samples from process I through II showing 
the reduction of the Bi- 2201 and Bi-3221 peaks 



reported by Wang et al. [265], the light-gray phase being Bi-2201. Concerning 
the intermediate cooling step (process I), there seems to be a contradiction 
with the results of Wang et al. [26-i] and Daumling et al. [41]. Both sets of 
authors report the enhanced formation of the Bi-3221 phase at temperatures 
below 800°C. 

A tentative hypothesis, which is supported by extra reflections in the 
XRD spectra, is the following. There is still a small amount of alkaline-earth 
cuprates in this final stage of the process. A more complete consumption of Bi- 
3221 and these alkaline-earth cuprates can only take place via a complicated 
mechanism of decomposition and back reaction of these two phases to Bi-2212 
and Bi-2223 . This reaction might be favored by crossing the Bi-3221 phase 
region, thus consuming more alkaline-earth cuprates. A further hint could be 
the fact that the reduction of Bi-3221 is accompanied by an enhanced amount 
of Bi-2212 in the XRD results. For clarification a section of the XRD spectra 
of samples from processes I through III is given in Fig. 9.7. The reduction of 
Bi-2201 and Bi-3221 can be clearly seen in this plot. 



10. Preliminary Results 
on YBCO-Coated Conductors 



The experiments on YBCO-coated conductors have been started very re- 
cently. Consequently only preliminary results can be reported here. The prin- 
cipal preparation process of YBa 2 Cii 307 _ 5 -coated conductors on biaxially 
textured metallic substrates has been described in Sect. 3.4.4. In the exper- 
iments reported here, different metals were used as substrate materials and 
all buffer layers as well as the YBCO films were deposited using sputter 
techniques. 



10.1 Metallurgy of the Metallic Substrates 

Silver would be the material of first choice as a substrate for YBCO because 
it neither oxidizes nor reacts with the superconductor. Silver, however, is 
the only fee metal known not to form the necessary cube texture easily [70]. 
It has, rather, to be hot rolled or preheated [253] in order to induce the 
appropriate texture. Thus the initial experiments on silver were not pursued 
further. Instead, nickel was used as a base material as it is well known to 
form a good cube texture easily. 

10.1.1 Recrystallization Procedure 

The recrystallization of nickel is well known from the literature [200] so the 
first experiments were performed with this metal. However, nickel is ferro- 
magnetic and thus not suitable for superconducting applications in ac fields 
owing to the high hysteresis losses. Some nickel alloys, especially Ni-Cu, are 
known to form good cube texture, too [71]. When choosing an appropriate 
alloy it is necessary to consider the nickel content at which the alloy is no 
longer ferromagnetic and the requirement that the lattice constant g does not 
have too large a mismatch with that of the desired buffer layers and YBCO, 
in order to enable epitaxy. Figure 10.1 shows the Ni content at which some 
alloys become ferromagnetic and their lattice constant g in A. As can be seen 
from this figure, there are several good candidates. Experimental results on 
some alloys such as Ni-V or Ni-Cr are known from recent literature [218]. In 
the experiments presented here pure nickel, Ni-Cu and a Ni-Cu-composite 
were used. 

Beate R. Lehndorff: Hieh-Tr Superconductors for Magnet and Energy Technology, 

STMP 171, 117-125 (2001) 

© Springer- Verlag Berlin Heidelberg 2001 
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Ni-alloys 

Ni-content, at which the alloy becomes ferromagnetic 




g[A] 4.08 4.05 4.07 2.88 3.61 n.a. 3.15 3.92 5.43 6.49 2.88 3.52 

alloy Ni-M 

Fig. 10.1. Nickel content of some nonferromagnetic alloys and their lattice con- 
stants 




Fig. 10.2. Backscattered-electron im- 
age of a profile-rolled Ni-Cu composite 
wire 



Ni-Cu was produced as a composite material. A copper rod was intro- 
duced into a nickel tube. Nickel of 99% or 99.98% purity was used. The 
copper was of OFHC quality. This composite rod was then heated to achieve 
diffusion bonding of the two metals. The composite was subsequently profile 
rolled to a cross section of 7 mm and then tape rolled to a thickness between 
200 and 270 |lm. An electron micrograph of a cross section of a profile-rolled 
Ni-Cu wire is shown in Fig. 10.2 as a backscattered-electron (BSE) image, 
which is sensitive to the type of material. The difference in contrast shows 
the copper core surounded by nickel. 

A longitudinal section of a composite tape of 200 |lm thickness is shown 
in Fig. 10.3. An EDX line scan has been performed across the longitudinal 
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Fig. 10.3. BSE images with EDX line scans for nickel and copper {left and right, 
respectively) across a longitudinal section of a composite tape 



section for both metals. The results are shown as fine white lines on the elec- 
tron micrographs (BSE). An inter diffusion zone of a few microns is clearly 
visible. This material has the advantage that after recrystallization it is me- 
chanically more stable than pure nickel [245]. However, the ratio of copper 
to nickel used was not high enough to obtain a nonmagnetic composite. 

Recrystallization of nickel and Ni~Cu composite tapes was performed in 
a vacuum of 10“^ to 10“® mbar at temperatures between 875°C and 1100°C. 
Annealing times between five minutes and ten hours were chosen. Figure 10.4 
shows the mean grain size of the recrystallized tapes as a function of annealing 
time for recrystallization temperatures of 900°C and 1000°C. 




Fig. 10.4. Grain size after recrystallization of Ni and Ni-Cu composite tapes as a 
function of annealing time at 900° C and 1000° C 
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The plot shows that at 1000°C the grains grow faster with time in pure 
nickel than in the composite material. It is an additional advantage of the 
composite and of alloys in general that grain growth is slower. An overall 
grain size of around 20 pm would be ideal, because one misoriented grain 
of size 100 pm or more could completely interrupt the current path in the 
overlying superconductor. 

Grain growth is even faster in 99.98% nickel, as can be seen from polarized- 
light microscopy. Optical micrographs of nickel and Ni-Cu tapes are depicted 
in Figs. 10.5 and 10.6. The nickel tape, which has been recrystallized at 900°C, 
for half an hour has very large grains which are only visible as grains at a 
low magnification of 50 times. The composite tape, which has been annealed 
at 900°C for 45 min, exhibits many small grains at a magnification of 200 
times. The mean grain size is 30 to 50 pm and the largest grains have a size 
of 100 pm. This substrate therefore offers a reasonable average grain size for 
the deposition of buffer layers and YBCO. 




Fig. 10.5. Optical micrograph under 
polarized light of the surface of a recrys- 
tallized nickel tape at a magnification of 
50 X 



Fig. 10.6. Optical micrograph under 
polarized light of the surface of a recrys- 
tallized Ni-Cu composite tape at a mag- 
nification of 200 X 



10.1.2 Texture Analysis 

A qualitative analysis of the texture of the grains can be performed in the 
optical microscope under polarized light and with differential interference 
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Fig. 10.7. Surface of a Ni-Cu composite 
tape under polarized light with DIG after 
10 min annealing at 900° C 



contrast (DIG). For the latter method Nicol prisms are introduced into the 
beam path in order to superpose light from different positions of the sam- 
ple. Height differences of these positions can be resolved down to A/100 and 
better. It is, however, not possible to determine the absolute orientation of 
a grain. Figure 10.7 shows an optical micrograph of a composite tape which 
has been annealed for only 10 min at 900°C. There are two main differences 
from Fig. 10.6. The grains are much smaller and exhibit multiple colors, de- 
picted here on a gray scale. The colors of the grains contain two types of 
information. Firstly, the grains have many different orientations, thus chang- 
ing the polarization direction of the light differently. Secondly, the differently 
oriented grains have been polished to different heights in the previously ap- 
plied electropolishing process, and thus the DIG shows this height difference 
as different colors. After only 10 min of annealing time the sample is poorly 
textured, which appears as different colors in the metallurgical microscope. 
This means that by using metallurgical microscopy an initial qualitative de- 
termination of texture is possible. 

In order to obtain quantitative and spatially resolved evidence of the 
texture of the grains, electron backscatter diffraction (EBSD), also called 
orientational image mapping [4, 230], has been applied. This method allows 
one to calculated the exact orientation of each grain and the angles of the 
grain boundaries by measuring the Kikuchi lines of a backscattered electron 
beam at many points of a sample. The nickel tapes, however, appeared to have 
grains too large to apply this method. The results for the Ni-Gu composite 
tape are shown in Fig. 10.8. ^ 

The gray scale in the orientational image map denotes the orientations 
of the grains. Most of the grains have an 001 orientiation (dark gray), which 
means that this tape exhibits a good cube texture. In addition, the thick black 
lines in Fig. 10.8 denote grain boundaries with angles higher than 15° and the 
thin gray lines mark grain boundary angles between 5° and 15°. Obviously 
this sample contains only a small amount of high-angle grain boundaries. 

^ The EBSD experiments were performed by Dr. E. Bischoff of the MPI fiir Met- 
allforschung at Stuttgart. 



122 



10. Preliminary Results on YBCO-Coated Conductors 





Fig. 10.8. Spatially resolved texture analysis of a Ni-Cu composite tape deter- 
mined by EBSD (electron backscatter diffraction), and pole figures for the different 
crystal directions. The 111 pole figure exhibits good cube texture 



More detailed information about the texture can be obtained from the 
pole figure, which is also depicted in Fig. 10.8. The 111 pole figure clearly 
shows the typical fourfold symmetry of the cube texture, which was the goal 
of the recrystallization treatment. The inverse pole figures, which are not 
depicted here, give a impression of the mosaic spread of the orientation. The 
001 texture shows a half width of around 12°. This means that the metal 
substrate is reasonably aligned in plane and out of plane and could serve as 
a basis for the buffer layers and superconducting coating. 



10.2 Buffer Layers 

As an initial layer composition Ce02 + YSZ + Ce02 was used as it has 
been reported to have the optimum properties by the ORNL group [75]. As 
the deposition method a high-frequency magnetron sputter technique was 
applied. A detailed description of the apparatus and method can be found in 
[137]. 

10.2.1 Buffer Layers on Nickel Substrates 

Using the parameters given by Qing et al. [228], the first Ce02 layer was 
deposited in a forming gas (95% Ar -|- 5% H 2 ) atmosphere at 5 x 10“® mbar. 
The substrate heater was regulated to a temperature of 360°C. The exact 
temperature at the substrate is not known but is estimated to be 300°C from 
previous experiments [251]. According to [228] this should be the optimum 
deposition temperature for the first buffer layer. The deposition rate was 
130nm/h as measured with a quartz balance. After three hours a 390 nm 
thick Ce02 film was obtained. The film was very smooth, as can be seen from 
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electron microscopy (Fig. 10.9). However, the grains of the nickel substrate are 
still visible. Also, traces of the rolling process can be seen in the morphology 
of the substrate. 

A second layer of YSZ was deposited on top of the Ce02 layer. Apart 
from the heater temperature, all deposition parameters were the same. The 
heater temperature was chosen to be 950°C, which should correspond to 
a substrate temperature of 800°C. With these parameters the deposition 
rate was lOOnm/h. After three hours a 300 nm film was produced. An SEM 
image of this layer is shown in Fig. 10.10. The morphology of the YSZ layer is 
very interesting. The grain boundaries of the nickel substrate are still visible. 
Nevertheless the YSZ film looks very different on different grains. The grain 
in the left corner of the image seems to show traces of the rolling process but 
is fairly smooth. The other two grains exhibit island growth and incomplete 
coverage of the surface. This can be explained by a more three-dimensional 
growth process. A third buffer layer of Ce02 was deposited on top of the YSZ. 
The morphology very much resembles that of the YSZ layer and is therefore 
not explicitly shown. 

From these results two conclusions can be drawn. The different morpholo- 
gies of the YSZ layer on different grains of the nickel substrate might be 
a consequence of the nonimiform orientation of the nickel grains. Because 
these grains have different crystal planes parallel to the surface the epitaxy 




Fig. 10.9. SEM micrograph of a 
Ce 02 buffer layer on a recrystallized 
nickel tape 




Fig. 10.10. SEM micrograph of a 
Ce02~YSZ buffer multilayer on a 
nickel substrate 
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conditions change strongly. The three-dimensional growth is a hint that the 
substrate temperature during deposition might have been too high. Further 
experiments to clarify these assumption have been conducted on Ni~Cu com- 
posite tapes. 

10.2.2 Buffer Layers on Ni Cu Composite Tapes 

The Ce02 and YSZ buffer was deposited on top of the Ni-Cu composite 
material at 750°C, corresponding to a substrate temperature of 600°C, again 
in a forming-gas atmosphere. The thicknesses of the films were 390 nm for 
Ce02 and 300 nm for YSZ, respectively. Optical microscopy reveals that un- 
der these deposition conditions the growth behavior of the films has changed. 
Figurel0.il shows the surface of the YSZ top layer at a magnification of 
1000 times. No growth islands can be found at this magnification. Only the 
substrate morphology (grain boundaries, rolling traces) is visible. Further 
examinations of these films have to be performed especially texture analysis 
and x-ray diffraction. 




Fig. 10.11. Optical micrograph of a 
390 nm Ce02 and 300 nm YSZ buffer 
multilayer on a Ni-Cu composite tape 
at a magnification of 1000 x 



10.3 Y~Ba— Cu— O Coating 

For the deposition of the superconductor, high-oxygen-pressure dc sputtering 
was used. This method is described in detail in [164]. Originally it was ap- 
plied to produce high-quality films on single-crystal substrates such as MgO, 
lanthanum aluminate (LAO) or sapphire. With the flexible metal substrates 
additional difficulties arise. In particular, maintaining good thermal contact 
during deposition is not very easy. Nevertheless an initial success could be 
achieved in depositing a 300 nm YBCO film on cube-textured nickel -I- Ce02 
with a transition temperature of 86 K. The superconducting transition was 
measured inductively as described elsewhere [65]. The result is depicted in 
Fig. 10.12. 
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Fig. 10.12. Superconducting transition of an YBCO film on textured nickel and 
buffer layers measured inductively 



A superconducting transition is clearly visible in the inductive signal. 
Also the width of the transition is fairly small and Tc is about 86 K. The 
measurement of the transport critical current density of this film yielded 
reasonable results of jc of about O.lMA/cm^ at 77 K. Further optimization 
is necessary in all respects. Reproducibly textured, nonmagnetic alloys have 
to be produced and the buffer layers have to be optimized. With optimized 
substrates the growth conditions for the superconductor can be expected to 
be better. In addition different deposition techniques like co-evaporation have 
to be considered. 



11. Magnetotransport and Vortex Dynamics 



The electromagnetic behavior of HTSCs, in particular the magnetic-field de- 
pendence of the critical current density, contains important information about 
the grain connectivity and flux-pinning properties of a superconductor. In 
Fig. 2.1 the critical current densities of various superconductors have been 
depicted as a function of an external magnetic field. From this plot it is clear 
that the magnetotransport properties are relevant for possible applications, 
as already discussed in the introduction. Moreover, they give valuable insight 
into the basic physical properties of flux dynamics in these materials. 



11.1 Magnetic-Field Dependence 
of the Critical Current Density 

Experiments have been conducted on monocore tapes and wires of Bi-2212 
and Bi-2223. The I-V characteristics have been measured at temperatures 
between 4.2 K and 100 K in magnetic fields up to 8T. The tapes were ex- 
amined in magnetic fields parallel to (B||) and perpendicular to {B^_) the 
tape plane. The critical current density was determined from the critical cur- 
rent divided by the superconductor cross section, where the critical current 
was measured by the four-point technique using a 1 pV criterion. The results 
for a Bi-2223 tape with jc = 32 000 A/cm^ at 77 K in self-field are shown in 
Fig. 11.1 for both tape-field orientations. 

Three different regimes can be distinguished in the field dependence of jc, 
their extension varying with temperature. 

• Regime I. In small magnetic fields appreciably below one tesla, decreases 
strongly with magnetic field. Weak links decouple in this low-field regime; 
consequently these grain boundaries no longer contribute to the current 
transport. Thus the effective area penetrated by the supercurrent is reduced 

[17 

• Regime II. Current flows percolatively across strongly coupled grain bound- 
aries. Vortices are pinned efficiently [102]. 

• Regime III. The critical current density decreases again as vortices start 
to move through the superconductor under the influence of the Lorentz 
force and thus dissipate energy. The field at which vortex motion sets in 

Beate R. Lehndorff: High- Tr Superconductors for Magnet and Energy Technology, 
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Fig. 11.1. jc{B) for different 
temperatures in i?|| {top) and 
B± (bottom) 



is called the irreversibility field Hirr and strongly depends on temperature 
and field orientation. The physical origin of this field is controversial in the 
literature. Two possible explanations are enhanced thermally activated fiux 
creep [127] and a phase transition in the fiux line lattice from vortex glass 
to vortex liquid [168]. 

As the irreversibility field represents a limit on useful applications of the 
HTSCs, a physical understanding of its origin is crucial in order to possibly 
achieve a shift of this limit to higher fields and temperatures. 



11.2 Scaling of the I—V Characteristics 

One possibility to obtain more information about the degradation of the 
critical current density in magnetic fields is the analysis of the current-voltage 
characteristics. Figure 11.2 shows I-V curves at 3 T for various temperatures, 
for the same tape as in Fig. 11.1 in a double-log plot. A scaling analysis can 
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Fig. 11.2. Current -voltage characteristics of a Bi-2223/Ag tape in a 3T parallel 
field at various temperatures 



be performed with these curves comparable to that in [127, 168, 169]. The 
basic assumption is that a transition temperature exists at which the pinning 
correlation length diverges like 

ep~|T-rg|-^ (11.1) 



Tg is determined from the change of the curvature of the I-V curves. From 
this a scaling of the critical current density and the resistivity follows [134]: 

iCpd-i'/'o 



Jscal 



Pscal 



kBT 

P^pd-2-. 



( 11 . 2 ) 

(11.3) 



In these equation v is the static and z the dynamic exponent. The quantity 
d denotes the dimensionality of the system. With 




(11.4) 



a scaling of the E-j curves, and correspondingly the I-V curves, follows: 



E(j) = jCpd-2— E± jipd-i 



kBT 



(11.5) 



132 11. Magnetotransport and Vortex Dynamics 



with 

-E+(jscai) ^ const. for T > Tg , (H-6) 

E-(jsced) ^ exp ( for T<T^. (H-7) 

V Jscal / 

All E-j characteristics collapse onto two universal master curves A+ and 
E-. Using the dimensionality d = 3 the axes in the double-log plot scale as 
follows: 

Jscal = 77^; 7^ ; (11-8) 

|r-Tg|2c 

U . . 

Pscal = , ,rri 777 ■ (11-9) 

1 IJ — Jgl^(z-l) 

The results of the scaling analysis are depicted in Fig. 11.3 for magnetic 
fields of 2T and 5T. The transition temperatures are 58.7 K and 50.4 K, re- 
spectively. The exponents obtained, iy = 0.9 and z = 9.7, agree well with the 
values reported in the literature [127, 168]. The analysis works over a broad 
temperature range, which indicates that there is a smooth transition rather 
than a sharp phase transition. It is remarkable, that the scaling works best 
with a dimensionality of three instead of two as would be expected from a 
strongly two-dimensional superconductor like Bi-2223. This may be a conse- 
quence of the multiply connected microstructure of the superconducting core 
of these tapes. That means that the ceramic core consists of microcrystals, 
which are - even if well textured - more or less weakly connected. This leads 
to a percolative current path, which occupies more than two dimensions. 




Fig. 11.3. Scaling of the current-voltage characteristics of a Bi-2223/Ag tape in 
magnetic fields of 2 T and 5 T 
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11.3 Critical-Current Anisotropy 

The scaling behavior can be considered as very universal; thus it is hard to 
make any statements about a phase transition in the flux line lattice. There- 
fore a further quantity, the anisotropy of the critical current density with 
respect to different magnetic field directions, is taken into account. From 
Fig. 11.1 it is clear that the degradation of jc in an external magnetic held 
is much stronger if the held direction is oriented perpendicular to the tape 
plane, and this degradation and sets in at lower temperatures. This anisotropy 
results from the special nature of the flux lines in HTSCs as described in 
Sect. 4.3. In magnetic fields perpendicular to the CU-O 2 planes, single pan- 
cake vortices have to be pinned in each plane. In parallel magnetic fields flux 
lines are arranged between these planes and are thus strongly pinned intrin- 
sically. Owing to the preparation process of Bi-2223/Ag tapes, as discussed 
in Chap. 7, the microcrystals within the ceramic core are mainly aligned with 
their crystal c axes normal to the tape plane. Thus an external magnetic held 
oriented normal to the tape plane is also oriented parallel to the c axes of the 
microcrystals. But the texture is not perfect; hence some of these grains are 
misaligned with respect to this texture. A sketch of this situation is shown 
in Fig. 11.4. 

\ B parallel * sin a 

B parallel \ ^ 



Fig. 11.4. Schematic outline of the 
dehnition of the misalignment angle 
between individnal grains in the su- 
perconducting core of a Bi-2223 tape 

Even if an external magnetic held is applied parallel to the tape plane 
there is still a component acting parallel to the c axes owing to this misalign- 
ment. This component can be taken into account by multiplying i3|| with the 
sine of the misalignment angle a. The reduced presentation of Iq versus B± 
and B|| sina as shown in Fig. 11.5 for T = 77K and T = 4.2K provides values 
for a. This method is used by several researchers to determine the average 
misalignment of Bi-2223 tapes [130]. 

In Fig. 11.6 this angle is shown as a function of temperature. There is 
evidently a strong increase in a at temperatures above 50 K, which is in 
contradiction with statements made in [242]. This cannot be attributed to 
grain misalignment alone, as this is a material constant and should not depend 
on temperature. It will therefore be called the magnetic angle in the following. 

As the magnetic angle of the microcrystals is supposed to be temperature- 
independent there must be an additional mechanism responsible for the tem- 
perature dependence of the critical-current anisotropy. We shall discuss two 
possibilities: 




misaligned grains 



magnetic angle [°] 
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Fig. 11.5. Reduced representation of the magnetic-field dependence of jc 
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• As is well known from magneto-optical imaging (MOI) experiments [216], 
the current in Bi-2223 tapes flows mainly at the silver-BSCCO interface. 
This is assumed to be a result of the higher texture in this area. The cou- 
pling of individual grains increases with decreasing temperature; thus more 
and more grains from the middle part of the superconducting core also take 
part in the overall current path. These grains are less well aligned; thus the 
average misalignment angle should increase with decreasing temperature. 
As this is not the case, this explanation fails. 

• As already mentioned above, the jc anisotropy has intrinsic reasons and 
can be explained within a model of weakly coupled superconducting layers 
given by Lawrence and Doniach [156]. The increase in anisotropy with 
increasing temperature thus gives evidence for a reduction of the coupling 
strength between the superconducting layers. With increasing temperature 
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the pancake vortices within the CU--O 2 planes decouple owing to thermal 
activation. Pancake vortices can move freely within a plane and are no 
longer coupled between planes. This leads to a reduced line tension of the 
vortices and thus to a more two-dimensional behavior of the flux lines. 
Consequently the pinning becomes more inefficient and thus the critical 
current density decreases. 

The temperature at which the decoupling happens agrees well with the tran- 
sition temperature found from the scaling analysis. This implies again that 
this transition is more likely to be explained by thermally activated flux 
creep than by a vortex phase transition. This interpretation does not exclude 
the existence of a phase transition, especially as in thin epitaxial BSCCO 
Aims evidence for such a transition has been found [263]. It just means that 
current-voltage characteristics are not sufficient for the analysis of phase tran- 
sitions. Real thermodynamic quantities like specific heat have to be analyzed 
in order to obtain exact information. 



11.4 Flux Creep Resistivity 

The vortex glass model and the Kim- Anderson model of thermally activated 
flux creep differ in the assumption that in a vortex glass the resistivity should 
truly approach zero at low temperatures, while in the latter there is always 
a nonzero resistivity at nonzero temperatures. The flux creep resistivity pflux 
was determined from the I-V curves at currents well below and is depicted 
logarithmically against 1/T in Fig. 11.7 for various magnetic fields. This figure 
shows Arrhenius behavior for the flux creep resistivity, i.e. 

Pflux oc exp(t//fcBT) , (11.10) 



temperature [K] 

80 70 60 50 40 




Fig. 11.7. Arrhenius plot of 
the flux creep resistivity pHux 
for different magnetic fields 
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where U is the activation energy according to the Kim-Anderson model as 
discussed in Sect. 4.3. The slope of these curves is a measure of the activa- 
tion energy. It becomes lower with increasing magnetic field as the potential 
wells in which the vortices are pinned become shallower. The behavior of 
the flux creep resistivity is a further hint that the degradation of the critical 
current density of BSCCO tapes in external magnetic fields with increasing 
temperature is caused by thermally activated flux creep. 



11.5 Irreversibility Field 

The irreversibility field is an important quantity for applications as it 
denotes the limit above which the magnetization of a hard superconductor 
becomes reversible owing to flux motion. John Anderson and coworkers could 
show that it is also possible to determine ilirr from I-V curves instead from 
magnetic hysteresis measurements [8]. For this purpose the I-V curves are 
plotted at constant temperature at different fields and the irreversibility field 
is then determined from the change in curvature. 

The experiments described above have also been performed for Bi-2212 
wires. A scaling behavior of the current-voltage characteristics could also be 
observed in this case [270]. However, as the degree of texture in round wires is 
very low it does not make sense to draw any conclusions from this evaluation. 
Nevertheless it is possible to depict the irreversibility field for both conductor 
types. In Fig. 11.8 these results are shown in comparison with those of Kiuchi 
et al. [12G]. 

This irreversibility line reveals clearly the present limitations of the appli- 
cation of BSCCO conductors. For Bi-2223 tapes in magnetic fields normal to 
the tape plane the irreversible region lies below 50 K for magnetic fields below 
2 T, and for Bi-2212 it lies below 30 K for the same field region. In order to 




Tg [K] 



Fig. 11.8. Irreversibility field of Bi- 
2223 tapes with different orientations 
of the external magnetic field and of 
Bi-2212 wires, compared with results 
of [126] 
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produce higher magnetic fields, devices made of these superconductors have 
to be operated at temperatures below 40 K or 20 K, respectively. 



12. Superconducting Magnetic Levitation 



12.1 Levitation Force Experiments 
on Varions Supercondnctors 

Some possible applications of ceramic superconductors in magnetic bearings 
have been addressed in the introduction. One important quantity in these 
applications is the levitation force which is exerted on a permanent magnet 
by a superconducting ceramic sample. The basic form of levitation is caused 
by the Meissner-Ochsenfeld effect. Owing to the complete expulsion of mag- 
netic flux out of a type I superconductor a permanent magnet is levitated 
above it. This effect is used as an experimental proof of superconductivity 
in HTSCs. However, it can only be demonstrated in type I superconductors 
or in type II superconductors below Hci- Melt-processed YBCO ceramics, 
which are used for magnetic-bearing application, are extreme type II super- 
conductors. That means that magnetic flux can enter the sample as soon as 
Hext > Hci- Good-quality melt-grown ceramics are hard superconductors; 
thus flux is pinned. This leads to a further physical effect, magnetic suspen- 
sion, when a permanent magnet is suspended below a superconductor. An 
important consequence is: The Meissner-Ochsenfeld effect cannot be demon- 
strated with a high-quality melt-grown YBa 2 Cu^Or-s sample above HdlThe 
physical reason for this will be discussed below. 

12.1.1 Experimental Setup 

A three-dimensional (3-D) positioning system was set up for the levitation 
force experiments. A schematic view of this setup is given in Fig. 12.1. The 
force sensor can be moved in the y and z directions while the sample is 
moved in the x direction. A permanent magnet attached to the force sensor 
can thus be moved along the surface of the superconductor and the dis- 
tance between the superconductor and magnet can be varied. The motion is 
computer-controlled. Dc servo motors are used to control the three axes. A 
control circuit provides exact information about the actual position with an 
accuracy of 0.5 pm. The reproducibility is better than 5 pm in all three direc- 
tions. The sample is placed on a copper rod within a Styrofoam container, 
which is filled with liquid nitrogen. 

Beate R. Lehndorff: High- Tr Superconductors for Magnet and Energy Technology, 

STMP 171, 139-165 (2001) 
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Fig. 12.1. Schematic setup of the three-dimensional positioning system 



The force between a permanent magnet and a superconductor is measured 
by an axial strain gauge force sensor. The strain gauge translates the force into 
an electrical signal. The resistance change, which is proportional to the force, 
is measured by a Wheatstone bridge. The maximum recordable force of the 
chosen sensor is ION; the linearity as quoted by the provider is about 0.2%. 
The output signal of the Wheatstone bridge is monitored by a computer. In 
order to obtain reasonable thermal and magnetic insulation of the sensor, 
the test magnet was mounted on a PVC rod at a certain distance from the 
sensor. 

Permanent magnets of different material, geometry and remanent field 
were used in the experiments. The test magnets, with their relevant param- 
eters, are listed in Table 12.1. The remanent field was experimentally deter- 
mined using a Hall sensor. 

The setup is completely computer-controlled. A view of the apparatus is 
shown in Fig. 12.2. A more detailed discussion, especially of the calibration 
procedures, can be found in [147, 17G]. 

12.1.2 Experimental Parameters 

As in all other magnetic measurements, geometrical parameters play a crucial 
role in levitation force experiments. The force between the magnet and the 
superconductor depends not only on sample quality but also on the following 
parameters: 
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Table 12.1. The different test magnets used for the levitation force experiments 



Type 


Material 


K 

(mm) 


2ra 

(mm) 


Br 

(mT) 
after [107] 


B, 

(mT) 

measured 


B.(0) 

(mT) 

calculated 


NE24 


NdFeB 


4 


2 


1100-1250 


1072 


520 


BA519 


SmCo 


5 


10 


550-590 


581 


205 


BE105 


BaFe 


5 


10 


170 


172 


60 


NE105 


NdFeB 


5 


10 


1100-1250 


1147 


406 


NE257 


NdFeB 


7 


25 


1100-1250 


1154 


282 


DE105 


SmCo 


5 


10 


850-930 


916 


324 


DE205 


SmCo 


5 


20 


850-930 


1011 


226 


BE105 


BaFe 


5 


10 


245 


247 


87 


NE103 


NdFeB 


3 


10 


1100-1250 




296 


NEllO 


NdFeB 


10 


10 


1100-1250 




514 




Fig. 12.2. Experimental setup for the measurement of spatial force and magnetic 
flux distributions 



• sample size 

• magnet size 

• minimum distance between superconductor and magnet during experi- 
ments 

• remanent magnetic field of the test magnet. 

A real comparison of experimental results of levitation force measurements 
between different laboratories is only possible if an identical geometry of the 
setup is used or the setup is exactly known. The latter, however, only makes 
sense if the dependence of the levitation force on the geometry is known. 
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Influence of Geometry 

Figure 12.3 shows the geometrical parameters of a simple levitation force 
experiment. The diameter and height of the magnet and superconductor de- 
termine the geometrical arrangement of the experiment. In order to test the 
parameter set Dg, Hg, Dm, Hm the sizes of the magnet and superconductor 
have to be varied. In the case of the magnets, commercially available materi- 
als with different diameters and heights were used. However, the sample size 
can not be varied as easily while ensuring equal quality. Different batches 
of ceramics often do not have exactly the same properties. Therefore the 
experiments concentrated on variation of the magnet dimensions. 







Fig. 12.3. Geometrical arrangement and quantities 
of a levitation force experiment 



Figure 12.4 shows the force between a superconductor and test magnets of 
different lengths. The distance z between the superconductor and test magnet 
serves as a parameter. The curves show an asymptotic behavior of the force 
as a function of magnet length. This has to be expected as the surface field of 
a permanent magnet approaches the limit of infinite length with increasing 
height. 

As a second parameter, the magnet diameter was varied between 4 mm 
and 30 mm while the length was kept constant at 5 mm. The results are 
depicted in Fig. 12.5 together with calculated results by Tsuchimoto et al. 
[257]. It can be seen that, with increasing diameter of the magnet, the force 
increases rapidly until it reaches its maximum, when the diameter of the 
magnet is equal to the distance between the magnet and superconductor. A 
further increase of magnet diameter leads to a reduction of the levitation 
force. The reason is that the remanent field of a cylindrical magnet depends 
on its aspect ratio Hm/Dm- 

As already mentioned, the variation of the sample dimensions is not quite 
as easy as the variation of magnet size. Therefore the influence of the geome- 
try of the superconductor was calculated using a diamagnetic model. In this 
model the superconductor is considered as an ideal diamagnet. Its diameter is 




12.1 Levitation Force Experiments on Various Superconductors 143 




Fig. 12.4. Force between magnet and su- 
perconductor for different distances z as a 
function of magnet length 
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Fig. 12.5. Force at a constant distance of 
2.5 mm between magnet and superconduc- 
tor as a function of magnet diameter. The 
dashed line represents a calculated curve 
by Tsuchimoto and coworkers [257] 



chosen as at least twice the diameter of the magnet; thus the sample appears 
to be infinitely large compared with the test magnet. Then the arrangement 
depicted in Fig. 12.3 is that of a magnet above a semi-infinite superconduct- 
ing plane. In analogy with the electrostatic problem of mirror charges, the 
setup can be treated as two magnets with opposite magnetization and twice 
the distance between them. The situation is illustrated in Fig. 12.6. 

The field distribution of this geometry can be calculated analytically and 
numerically. From the field distribution, the force can be determined using the 
Maxwell stress tensor. The results from such simulations were compared with 
those of Tsuchimoto, obtained with a more complex model. Figure 12.7 shows 
the calculated force between the supercoirductor and magnet as a function of 



magnet 




T 

superconducting half plane 
z 

mirror 
magnet 




Fig. 12.6. Diamagnetic analogue of the mirror 
charge problem. A magnet at distance z above a 
superconductor can be considered as two magnets 
with opposite magnetization and twice the distance 
between them 
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thickness of the sc [mm] 

Fig. 12.7. Calculated force between 
magnet and superconductor as a function 
of superconductor thickness 




Fig. 12.8. Calculated force between 
magnet and superconductor as a function 
of the radius of the superconductor 



superconductor thickness. The parameter is the quality of the superconduct- 
ing sample. The radius and length of the magnet and the radius 

of the superconductor (i?s) were kept constant at 10mm. The distance ^ 
between the superconductor and magnet was chosen to be 3 mm. The force 
increases with increasing height of the sample and saturates at Hm = Hs- 
That means that an infinitely long sample perfectly screens the field of the 
magnet. 

Figure 12.8 shows a similar calculation, where the radius of the supercon- 
ductor was varied instead. The other conditions were the same. The same 
behavior is observed: the levitation force increases with increasing sample di- 
ameter and reaches a saturation value at R$ = 2 x Rm- The reason is that the 
remanent field of the magnet approaches that of an infinitely long cylinder. 

In the following experiments the sample-to-magnet geometry was chosen 
as Ds : Dm = 2.2 : 1. Thus the influence of the geometry, according to 
Fig. 12.8, was at its saturation value and a ten percent variation of sample 
diameter would not have an influence on the measured force. 

Remanent Field of the Test Magnet 

In order to determine the influence of the remanent field of the test magnet on 
the measured force, experiments were performed on one sample with various 
magnets from those listed in Table 12.1. The levitation force was measured as 
a function of the distance z between the test magnet and sample. The results 
are shown in Fig. 12.9. 

The results for the Betaflex and BaFe magnets (denoted BA and BF in 
Table 12.1) are very similar within experimental accuracy. The results for 
the Delta and Neodelta magnets (denoted DE and NE in Table 12.1) are 
also similar to each other. The weaker Betaflex and BaFe magnets exhibit a 
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Fig. 12.9. Force- 
distance characteristics 
of different magnets 
with superconducting 
sample P-SO-13 



smaller hysteresis, though. The stroirger Delta aird Neodelta magnets have 
proirormced hysteretic behavior and greater repulsive and attractive forces. 
This is evidence that the field strengths of the Betaflex and BaFe magnets 
are not sufficient to fully penetrate the supercoirductor, while the Delta and 
Neodelta magnets are strong enough for full peiretration. 

Figure 12.10 shows experimental results of levitation force measurements 
at a distance of 2.5 cm as a function of the remanent field of the test magnet. 
The depeirdence is linear up to the maximum field used, as would be expected 




Fig. 12.10. Maximum 
force as a function of 
the remanent field of 
various test magnets 
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from the Lorentz force (4.16). Thus it can be concluded that the Bean critical- 
state model is a good approximation for melt-grown YBa2Cu307_5 samples. 

Maximum Possible Levitation Force 

It is possible to normalize levitation force results with known geometry. The 
levitation force is calculated using the mirror charge method. As a result the 
force between two permanent magnets with opposite charge is obtained, cor- 
responding to the force of a permanent magnet above a superconducting half 
plane. An expression for this force can be deduced from the London theory 
and the Maxwell equations [176]. The maximum achievable force 
corresponds to the force between these two permanent magnets with a dis- 
tance between them of 2z. Riise et al. [232] give an expression for this force 

F,{z) = -MBJ{z). (12.1) 

In this expression the function /(x) depends only on geometry. It can be found 
in [176] and is used to calibrate the experiment. This maximum obtainable 
force is independent of sample quality and is determined only by the geometry 
and the properties of the test magnet. That means that there is an upper limit 
on the levitation force that depends on the field strength of the permanent 
magnet used. 

12.1.3 Comparison of Various Superconductors 

Taking into account the above considerations, various types of superconduc- 
tors were examined. The most relevant results of some typical samples will be 
presented below. Three of the four samples were prepared in our group; the 
fourth sample was prepared by the Institut fiir Physikalische Hochtechnologie 
(IPHT) in Jena. 

• Sample SBllO is a c axis-textured epitaxial YBa2Cu307_5 thin film [164]. 
It differs from the other three samples owing to its nearly two-dimensional 
geometry. As a quasi-single-crystal superconductor, it has a very high crit- 
ical current density as compared with the melt-grown samples. However, 
for an YBa2Cu307_5 film from our laboratory its jc and Tc are untypically 
low. 

• The sintered pellet Sinter-1 is a very-fine-grained polycrystalline, untex- 
tured sample of pressed and sintered YBCO powder [160, 161, 219]. 

• The melt-grown sample SOOD-3 consists of several well-textured grains 
with amorphous material in between. As a precursor, YBa2Cu307_5 in 
stoichiometric composition with 10% silver (Ag20) addition was used 
[160, 161, 219]. The sample was prepared using a modified LPP process 
[147, 176] 
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• Sample JC284 is a melt-grown ceramic like SOOD-3 but of better quality. 
It was prepared at the IPHT Jena. As a precursor YBa 2 Cu 307_5 powder 
with 20% Y 2 O 3 and one weight percent platinum was used [03, G4]. 

In Table 12.2 the relevant sample parameters sample thickness Hg, radius 
i?s, density p, critical current density jc at 77 K and transition temperature 
Tc are listed. 



Table 12.2. Parameters of selected samples 



Sample 


Hs 

(mm) 


Rs 

(mm) 


(g/cm^) 


ic(77K) 

(A/cm^) 


Tc 

(K) 


Reference 


SBllO 


5x10-* 


25.4 


- 


10® 

10^ (intergranular) 


90 


[23] 


Sinter-1 


4.8 


21.2 


5.9 


10"^ (intragranular) 


92 


[146] 


SOOD-3 


6.8 


21 


5.8 


lO^-lO'* 


92 


[161] 


JC284 


9.4 


29 


5.7 


10®-10'‘ 


92 


[63. 64] 



Zero-Field-Cooled Experiments 

The levitation force as a function of distance between test magnet and super- 
conductor was measured at 77 K after cooling in zero field and in an external 
magnetic field. The zero-field-cooled (zfc) results are shown in Fig. 12.11. The 
force-distance characteristics of all four samples are depicted in this plot. In 
the inset the results of the sintered sample and the thin film are drawn on a 
finer scale as their forces are much lower than those of the bulk samples. 




Fig. 12.11. Force-distance characteristics of four typical samples after zero-field 
cooling 
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The sintered sample exhibits only very small hysteresis and no attractive 
force upon removal of the magnet. The reason is that in this fine-grained 
sample magnetic flux can easily enter and leave the superconductor. There is 
nearly no flux pinning. The epitaxial thin film has a low levitation force on 
an absolute scale but exhibits pronounced hysteretic behavior. The attractive 
force is nearly as large as the repulsive force. This is a signature that the film 
is completely penetrated by magnetic flux. The flux lines are well pinned so a 
counterforce has to act to withdraw them from the sample. The bulk samples 
are of different quality and thus exhibit a different levitation force. The main 
difference, however, is that, as in the sintered sample, there is no attractive 
force in the case of the better sample JC284. This interesting fact can be 
understood phenomenologically. If a hard superconductor is zero-field cooled 
and a magnetic held is applied after it has gone into the superconducting 
state, flux cannot easily enter the sample as it is efficiently pinned already 
in the outer regions of the sample. According to Brandt [20] an ideally hard 
superconductor cooled in zero held behaves like a type I superconductor in 
the Meissner state. Consequently magnetic flux cannot easily penetrate a 
high-quality melt-grown sample after it has been cooled without external 
magnetic held. 

Field-Cooled Experiments 

During held cooling (fc) a test magnet was kept at a constant distance of 
1 mm above the sample. The results are shown in Fig. 12.12. As in Fig. 12.11 
the results of the sintered sample and the thin film are shown enlarged in the 
inset. 
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Fig. 12.12. Force-distance characteristics of four typical samples after cooling in 
an external field 
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It can be seen that the force-distance characteristics of the latter two 
samples are not very different from the zfc case. The bulk samples, however, 
exhibit strong hysteretic behavior. The forces are attractive upon approaching 
and upon removal as well. This is a consequence of the pinned magnetic flux 
which has entered the superconductor during cooling. 

12.1.4 Spatial Distribution of Levitation Force 

In the experiments presented up to now the levitation force was measured 
as an integral quantity. For a more thorough characterization, however, it 
is useful to determine the force distribution over the whole sample surface. 
For bearing applications homogeneous sample properties are desirable. The 
spatially resolved measurements were performed using a small test magnet 
of only a few millimeters in diameter in order to obtain a reasonable lateral 
resolution. The test magnet was scanned over the sample surface using the 
3-D scanning setup described above. The distance between the sample and 
magnet was kept constant between 0.55 mm and 1mm. The samples were 
field-cooled and the force map was monitored at 77 K. In addition the mag- 
netic flux distribution was recorded using a Hall sensor. The results of the 
two sets of experiments for the four selected samples are shown in Figs. 12.13 
and 12.14 for comparison. 

The thin film and sintered sample exhibit a quite homogeneous force dis- 
tribution. Nevertheless the comparison with the magnetic-flux maps reveals 
that the flux is evenly distributed in the sintered pellet while it shows a pro- 
nounced Bean cone in the epitaxial thin film. The cone is slightly asymmetric, 
which is a consequence of the preparation process (nonhomogeneously heated 
substrate). The melt-grown samples show an inhomogeneous force distribu- 
tion, which is correlated with an inhomogeneous distribution, of magnetic flux 
as well. The bulk samples exhibit several Bean cones, which is a signature of 
the multidomain structure of these samples. 

By comparing the applied external held with the trapped magnetic flux 
a rough estimate of the pinning properties can be obtained. The quantity 
£b = ^™sampie)/'®z(magnet) relates the maximum flux density measured above 
the sample to the flux density of the magnet used to magnetize it. This pin- 
ning efficiency cb is compared with the levitation force in Table 12.3. This 



Table 12.3. Maximum values of force and remanent flux from the force and field 
maps, and efficiency cb 



Sample 


(mN) 


(mT) 


eB 

(%) 


SBllO 


24 


11.3 


4.3 


Sinter-1 


16 


0.8 


0.3 


SOOD-3 


69 


31.0 


11.9 


JC284 


91 


72.5 


27.9 
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Fig. 12.13. Force maps of samples SBllO, Sinter-1, SOOD-3 and JC284 



comparison shows that the levitation force is correlated with the pinning 
properties of the sample, as the one with the highest trapped flux also shows 
the greatest levitation force. Comparing the two spatially resolved measure- 
ments of levitation force and trapped flux, it is clear that the remanent-flux 
distribution contains more interesting information about the sample quality 
than the levitation force distribution. 

Single-domain samples have been prepared by several groups around the 
world. These melt-grown YBa 2 Cii 307_5 ceramics consequently exhibit one 
single, highly symmetric Bean cone in the measured flux distribution. The 
focus of this work, however, was to obtain more insight into the basic physics 
of superconducting levitation; thus sample optimization was not performed. 
Moreover, several models will be proposed in the following which may offer 
some deeper understanding of the physics of superconducting levitation. 
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Fig. 12.14. Remanent flux distribution after field cooling for samples SB 110, 
Siirter-1, SOOD-3 and JC284 



12.2 Understanding Force— Distance Hysteresis 

There are two physical origins for the force that a superconductor exerts on 
a permanent magnet. Below Hd the Meissner effect induces circular cur- 
rents within the superconductor when it is placed in an external magnetic 
field. This leads to a repulsive force between the superconductor and mag- 
net. Above Hci magnetic flux can enter the superconductor as vortices. The 
Lorentz force acts on these flux lines. In the case of a hard superconductor 
the pinning force counteracts the Lorentz force. The approach and removal 
of a permanent magnet are connected with flux motion, which is hindered 
by the pinning force. Thus the higher the pinning force, the higher the force 
necessary for a test magnet to approach. Upon removal of the magnet, flux 
lines have to leave the superconductor. If the pinning force is very high this 
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causes an attractive force and the sample can be suspended underneath the 
magnet. 

12.2.1 Interpretation Within the Bean Critical- State Model 

We shall apply the Bean critical-state model, which was introduced in 
Sect. ! ! , for the interpretation of levitation force experiments. In an external 
magnetic field with induction i?ext = fJ-oHext, a force 

F= /(M-V)BextdF (12.2) 

Jv 

acts on the flux lines. If the magnetization is known and the magnetic held 
is oriented parallel to the z axis in Fig. 12.3, (12.2) can be reduced to 

F = -FpM = . (12.3) 

dz 

Brandt [20] deduces the magnetization of an elliptical sample with strong pin- 
ning from the Bean model. Taking into account the demagnetization effects 
in the given geometry (Fig. 12.3), the magnetization curve of Fig. 12.15 can 
be drawn. From this magnetization curve a force-distance characteristic can 
be calculated using the Lorentz force (d.lG) and assuming that the held of the 
permanent magnet may be idealized by a dipole held. This calculation leads 
to Fig. 12.16. The different sections of this curve can be explained as follows. 
Upon the first approach of a magnet towards a superconductor the magneti- 
zation M(Bext) of the sample follows a virgin curve (broken line). According 
to (12.3), from dBext/dz > 0 and M < 0 a repulsive force Fpm > 0 follows. 





Fig. 12.15. Magnetization hysteresis of Fig. 12.16. Force-distance characteris- 
a hard superconductor with demagneti- tic from the magnetization curve shown 
zation effects (after [20]) in Fig. 12.15 (after [20]) 
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When the magnet has reached a minimum distance Zq it is withdrawn from 
the superconductor and consequently the magnetization follows an inner loop 
along A-B, changing sign from positive to negative after a small decrease of 
the external magnetic field. This implies an attractive force A < 0 between 
the superconductor and magnet (suspension). If the superconductor is field 
cooled (point C in Fig. 12.15), magnetic flux is trapped in the sample below 
the transition temperature. Owing to its pinning forces the superconductor 
tends to keep the vortices in place, which leads to a positive magnetization 
M > 0 and thus to an attractive force. Upon removal of the magnet, the 
magnetization and force follow the line C-D. 

If the magnet performs a minor loop by moving a small distance opposite 
to the original direction, the magnetization follows an inner loop of the maxi- 
mum hysteresis loop, corresponding to line E-F. This inner loop initially has 
the same slope as the virgin curve. 

If the idealized force-distance curve in Fig. 12.16 is compared with the 
experimental results of Figs. 12.11 and 12.12 it can be seen that only in the 
case of the thin film does the levitation force as a function of distance have a 
similar shape. The other results do not resemble the idealized curve. The rea- 
son is that the description of a superconductor in an external magnetic field 
within a magnetization model is not always appropriate. Originally meant for 
the description of matter in magnetic fields, magnetization is assumed to be 
a superposition of microscopic screening currents. In the case of a supercon- 
ductor, however, this picture can lead to nonphysical effects. For example, 
if a superconducting ring is field cooled into the superconducting state flux 
is expelled from the sample owing to the Meissner effect. As a consequence 
magnetic flux is present inside the ring. When the external field is now re- 
duced to zero this flux remains in the interior of the ring as, owing to the 
persistent currents within the superconductor, it cannot leave through the 
sample. Therefore in the interior B = no{H -|- M) > 0. With iJ = 0 it follows 
that M > 0 and thus the interior of the ring has a nonzero magnetization 
despite the fact that there is no matter and thus no screening currents [225] . 

Hence, in the following model, first proposed by Portis [225], the levitation 
force will be deduced from the interaction of the screening currents within 
the superconductor with the external magnetic field. The force exerted on a 
current carrying-conductor by an external magnetic field Bext / ^J-o is 



The current distribution j inside the superconductor can be expressed as an 
effective surface current per unit length Iq. Its magnitude as a function of 
the external magnetic field can be deduced from the Bean model under the 
following assumptions: 




(12.4) 



V 
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• The sample is a rod with thickness r^. 

• The external magnetic field is homogeneous and parallel to the cylinder 
axis. 



The effective surface current /q increases linearly with increasing ffux density 
Bs at the surface of the rod until it reaches its maximum value Iq = jc fg at 
Bs = B* 12 = fj,Q jc fg, where B* is the full-penetration field. The flux density 
at the surface of the rod is a superposition of the flux density i?ext caused by 
the external field and that caused by the surface currents I s'. 

B, = Bext + Mo /s/2 = Bext + {h/h) B* /2 . (12.5) 



From this equation the effective screening current as a function of the external 
field /s(Bext) has been estimated and is depicted in Fig. 12.17. 

Using the Lorentz equation (1.16), the force per unit surface area is 



F/B = /sBext. 



( 12 . 6 ) 



In the region of the virgin curve, i.e. for 0 < Bext < B*/2, Jg = JoBext/(B*/2) 
is valid. The force density increases quadratically with external field: 

^ = 2^Bl^,. (12.7) 

For flux densities Bext > B*/2 the surface current /g = /q is constant and 
therefore the force per unit surface area increases linearly with magnetic field: 

I = /o Bext . (12.8) 

When the flux density is reduced from B™“ the surface current decreases 
linearly from -|-/o to — /q and the force density follows a parabola: 






max 

ext 




(12.9) 



If a complete cycle of the external flux density is performed, the characteristic 
“butterfly” form of Fig. 12.18 is obtained. 

In order to compare this model with the experimental results, the data 
from Fig. 12.11 has been depicted as a function of the external flux density 
Bext, which is obtained from the flux density of the test magnet and the 
corresponding distance between the magnet and sample. The levitation force 
as a function of external magnetic field is shown in Fig. 12.19 for all four 
samples. These curves exhibit the “butterfly” form; however, there is no sharp 
edge at Bext = B* or Bext = B*/2. 

Up to now the force density has been considered. To obtain the absolute 
levitation force the sample geometry has to be taken into account. The force 
is calculated from the force density by integrating over the whole surface of 
the superconductor: 
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Fig. 12.17. Screening current Is as a Fig. 12.18. Normalized force F/S as a 
function of Bext (after Portis [225]) function of Bext (after Portis [-2u]) 
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Fig. 12.19. Levitation force as a function of the external flux density Bext for all 
four selected samples 

F = 2tt[ drI(r)H(r). (12.10) 

Jo 

A detailed discussion of the numerical solution of this integral is given in 
[147]. This integration means that large radii contribute more to the overall 
force, thus leading to a rounding of the shape of the force-distance curves. In 
Fig. 12.20 the simulation is compared with the experimental results for the 
melt-grown sample JC284. The qualitative agreement is quite good, so it can 
be concluded that the Bean model provides a good means to describe the 
force-distance characteristics of melt-grown ceramics. An even better fitting 
of the experimental results is obtained by considering volume currents as 
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well. This complex three-dimensional model has been calculated by Tsuchi- 
moto and coworkers [257]. The results for the epitaxial thin films, however, 
cannot be fitted as well. An important restriction of the Bean model, the 
field-independent critical current density, has to be omitted to explain the 
film results. 



12.2.2 Magnetic-Field-Dependent Critical Current Density 



Anderson and Kim [10] proposed a modification of the Bean model by intro- 
ducing a field-dependent critical current density of the form 



m 



2jo 

1 + (i?/i?o)P ' 



( 12 . 11 ) 



In this general expression joi and j3 are fit parameters. The exponent /3 
denotes which of the two models is valid: 



• /3 = 0: Bean model 

• /3 = 1: Kim- Anderson model. 

Calculations from the model using the data from the thin-film samples yields 
a best-fit value of (3 = 0.8. This does not quite correspond to the Kim- 
Anderson model. The experimental results and simulation are shown in 
Fig. 12.21. 

It is clear that neither the Bean model nor the Kim- Anderson model is 
exactly valid. The best fit is obtained with a modified Kim-Anderson model. 
This can be attributed to the fact that the thin film does not fulfill certain 
assumptions made by both models. The film thickness is about 300 nm and 
therefore of the order of magnitude of the London penetration depth. Hence it 
is not a bulk sample, as assumed by Bean. Furthermore the high aspect ratio 
of the sample (diameter/thickness = 3 x 10^) leads to great demagnetization 
effects with N > 1000. This may cause even the earth’s magnetic field to 
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Fig. 12.21. Measured and calcu- 
lated force on an epitaxial thin film 
as a function of the axial flux den- 
sity 



exceed the lower critical field Hd at the borders of the sample. Consequently 
flux enters the superconductor, and the quadratic increase of the force at low 
fields, which is due to the Meissner effect, cannot be observed in the thin- film 
samples. 

The results of the levitation force experiments on the sintered pellets are 
better described by the diamagnetic model. As these are granular samples 
there are no macroscopic screening currents present. Each micrograin has 
a microscopic screening current circulating around it instead. These micro- 
scopic currents support the use of the diamagnetic model for the description of 
these results. The field-dependent representation of the levitation force mea- 
surements of the sintered samples thus exhibits the diamagnetic analogue of 
a ferromagnetic hysteresis. 

In conclusion it can be said that the zfc results of the four selected sam- 
ples cannot be described concisely with one model. While the sintered sam- 
ple is best described by the diamagnetic model, the melt-grown samples are 
well approximated by the Bean critical-state model. The thin film, however, 
can only be described by a modified Kim-Amderson model that considers 
magnetic-field-dependent critical current densities. Nevertheless, the results 
of all four samples can only be approximated qualitatively by the models 
used. A quantitative analysis of physical quantities such as jc, B* and grain 
size is not possible. 



12.3 Interpretation of Vertical-Stiffness Experiments 

Besides the levitation force, there is a further physical quantity that is inter- 
esting for magnetic-bearing applications. The magnetic stiffness rj character- 
izes the stiffness of a magnetic bearing against vertical or lateral movement 
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of the load. But it also contains some interesting basic physical information. 
Therefore we shall differentiate between rj as a, bearing parameter and as a 
physically interesting quantity. 

12.3.1 Vertical Magnetic Stiffness as a Bearing Parameter 

In our experiments only the vertical magnetic stiffness was measured. The 
measurement was made within a force-distance experiment by performing 
small reversible variations of the distance within the force-distance hystere- 
sis - so-called minor loops. An example of such an experiment is shown in 
Fig. 12.22. The inset shows two minor loops and the linear regression used to 
calculate p. 




0 5 10 15 20 



z[mm] 

Fig. 12.22. Measurement of minor loops during a levitation force experiment; two 
loops with linear regression for the determination of p are shown in the inset 



If the displacement of the minor loops is in the reversible regime, rj = 
dF /dz is valid. Moon [198] gives an empirical correlation between stiffness 
and levitation force: 

rjoeF^. ( 12 . 12 ) 

A comparison of this empirical formula and the results for the four standard 
samples is shown in Fig. 12.23. For small forces {F < 100 mN for the film 
and sintered samples, F < 300 mN for melt-grown samples) the exponent /3 
is constant to a first approximation. At higher forces (3 increases, with the 
exception of the sintered sample. The strongest increase is exhibited by the 
thin film. A linear regression in the region of small forces yields rj = for 
the thin-film and sintered samples, and p = F^ "^ for the melt-grown samples. 
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Fig. 12.23. Vertical stiffness rj as a. function of levitation force for the four selected 
samples 



The exponent of the melt-grown samples lies within the region of 1.0-1. 6 as 
given by Moon [198]. This is not valid for the epitaxial thin film and the 
granular sample. In particular, the increase of vertical magnetic stiffness is 
surprisingly large for the thin film. 

For magnetic-bearing applications, the properties of superconductors have 
to be compared with conventional magnet or air bearings. The samples which 
are available now, for example at IPHT Jena or FZ Karlsruhe, have much 
better quality than the ones discussed here. Nevertheless the stiffness of air 
bearings is not reached. A small air bearing has a vertical stiffness of 5 N/pm 
over an area of one cm^ [141]. The highest stiffness values measured in our 
experiments are 1 mN/pm over the same area. 

12.3.2 Stiffness and Labusch Parameter 

Despite the very low vertical magnetic stiffness as compared with practical 
bearings, the measurement of rj as well as that of the levitation force offers 
an opportunity to obtain more insight into the basic physical phenomena. As 
already mentioned, the physical origin of the force between a superconductor 
and a permanent magnet is the magnetic flux trapped in the Shubnikov 
phase of the superconductor. Variations of the external magnetic field caused 
by movements of the magnet lead to flux motion. Thus a direct observation 
of the properties of flux lines in these superconductors is possible. 

In particular, the vertical stiffness is connected directly with the pinning 
properties of the measured sample. To visualize this it is useful to plot the 
vertical magnetic stiffness as a function of the external magnetic field as was 
done in the case of the levitation force results. This is done in Fig. 12.24. 
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Fig. 12.24. Vertical stiffness 
as a function of the external 
flux density (mtg, melt-grown) 



As in the rj versus F plot a change in slope is observed with increasing field, 
except for the granular sample. At 120 mT the field dependence changes from 
to B"^. 

A simple physical picture can be used to obtain a phenomenological in- 
terpretation of the stiffness results. On the basis of the basic discussion in 
Sect. 4.3, flux lines are considered to be bound in a harmonic pinning poten- 
tial with the pinning energy Up. The overall restoring force in a minor-loop 
experiment is 

F, = 7jz, (12.13) 

corresponding to the restoring force or spring constant of the vortex in the po- 
tential well. In equilibrium with an external magnetic field iLext, the pinning 
force and Lorentz force are equal: 

fp=jxB. (12.14) 

This pinning-force density 

/p = dUp/dz (12.15) 

is deduced from the pinning energy of one vortex in its pinning potential per 
unit volume. In the elastic regime the Lorentz force causes only reversible 
displacements of flux lines in their potential wells, as depicted schematically 
in Fig. 12.25. 

If the critical current density is exceeded, flux lines can escape from their 
pinning potential and move through the superconductor, causing losses. The 
displacement becomes irreversible. From the measurement of the response of 
a superconductor to an external alternating magnetic field the elastic limit do 
and the effective restoring force per unit volume a = dfp/dz can be obtained. 
As can be seen from Fig. 12.25 the elastic limit do essentially corresponds 
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Fig. 12.25. Vortex in its harmonic pinning po- 
tential 



to the lateral extension of the pinning potential, while a corresponds to its 
slope. The slope of a potential well is also expressed by its spring constant; 
thus there has to be a connection between r] and a. The latter also called the 
Labusch parameter [151]. The quantity a is a force density per unit volume; 
thus r\ has to be related to a volume in order to connect it with a. According 
to [151, 187] it is therefore assumed that there is an effective volume VeS, 
which is the correlation volume of the vortices. In a superconductor with 
multiple grains this has to be the grain size as the superconducting state is 
not very well defined over grain boundaries. Hence the pinning-force density 



/p = F^IVeS 


(12.16) 


and the Labusch parameter 




a = dfp/dz = rj/YeS 


(12.17) 



are obtained from the measurement of the vertical stiffness rj. 

The Labusch parameter a as a function of external field is shown in 
Fig. 12.26 for three of the four standard samples. As the correlation volume 




Fig. 12.26. Labusch param- 
eter a as a function of the ex- 
ternal flux density for three 
selected samples 
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a grain size of 2-5 mm was used for the melt-grown sample as this was the 
size of the crystallites observed in the optical microscope. This corresponds 
to an effective volume of VeS = 2 x 10“®m^. For the sintered sample and 
the epitaxial thin film the whole sample size was assumed as the correla- 
tion volume for different reasons (film: Ves = 2 x 10“^^ m^; sintered sample, 
VeS = 2 X 10“®m^). The sintered pellet is very fine-grained and does not 
show flux pinning, as deduced already from the levitation force experiments. 
Thus as an origin of the stiffness only the Meissner effect can be considered. 
The thin film is nearly monocrystalline so that the vortices are correlated 
over the entire volume. The results obtained for a are of the same order of 
magnitude as those measured with vibrating reeds [131, 287]. Our method is 
experimentally much simpler, though. 

Nevertheless care has to be taken. Owing to the very simple picture of 
one vortex pinned in its individual potential well without nearest-neighbor 
interaction, the results can only be qualitative. That vortex-vortex interac- 
tion has in fact to be considered can be seen from the change of slope of r] 
with increasing external field (Fig. 12.24). This is also reflected in the field 
dependence of a, as shown for the melt-grown sample in Fig. 12.27. 




Fig. 12.27. Double-log rep- 
resentation of the field depen- 
dence of a for the melt-grown 
sample SOOD-3. The straight 
lines are numerical fits to a = 
cB^ 



At about 120 mT the field dependence changes from to In this 
field regime the vortex spacing equals oq = 0.2 |im. For larger spacings 
single- vortex pinning of one flux line in its potential well is dominant. At 
smaller spacings the repulsive interaction of vortices comes into play. Here 
the Labusch parameter a no longer denotes the stiffness of a single potential 
well, but is a measure of the elastic properties of the flux line lattice. As 
already discussed in Sect. 4.3, the compressional and shear moduli cn and 
C44 of the flux line lattice are proportional the square of the external flux 
density: 
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cii (X C 44 (X — . (12.18) 

Mo 

According to Brandt [21] the transition from single-vortex to collective pin- 
ning takes place at Bext > 2i?ci. Thus the value for the lower critical field 
of YBa 2 Cu 307_5 extracted from the measurements presented here is 60 mT, 
which corresponds well to results from high-frequency experiments on thin 
films of YBCO [90] . It is in particular remarkable that the results for 77 do not 
depend on the history of the sample. This also gives evidence of the intrinsic 
physical origin of this quantity. 



12.4 Experiments on Stacks of Epitaxial Thin Films 

One of the most surprising results of the previous section was the rel- 
atively high levitation force and stiffness of the epitaxial thin films of 
YBa 2 Cu 307_5 as compared with their small volume. The question arises 
whether in a stack of such films the forces will add up. Therefore an exper- 
iment was performed in which the results of levitation force measurements 
of three single films were compared with those of a film stack and a melt- 
textured sample. 

12.4.1 Force Distance Characteristics 

Three different thin films of YBa 2 Cu 307_5 with a diameter of 25 mm and 
thicknesses between 150 nm and 1500 nm were used. The properties of these 
films are summarized in Table 12.4. The films were prepared by high-oxygen- 
pressure dc sputtering. A more detailed explanation of the method can be 
found in [164]. The critical current density was measured inductively by de- 
tecting the third-harmonic susceptibility as described in [65]. 



Table 12.4. Properties of the measured YBa 2 Cu 307 _i films 



Sample 


d (nm) 


Tc (K) 


jc(77K) (MA/cm") 


Fo (mN) 


RW173 


150 


90.5 


4.4 


77.8 


RT30 


1500 


89.7 


0.29 


63.4 


MG40 


500 


88.9 


3.0 


91.5 



Firstly, the force-distance characteristics of each film were measured sepa- 
rately. Then the films were glued on top of each other with OPTICLEAN"'"^ 
with their coated sides towards the magnet. The same measurement was 
subsequently performed with the film stack. All experiments were performed 
zero-field cooled. The single-film results are shown in Fig. 12.28. All three 
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Fig. 12.28. Force-distance characteris- Fig. 12.29. Force-distance characteris- 
tics of three single films tics of a stack of three films compared 

with a melt-textured sample 



films exhibit a pronounced hysteresis. The attractive and repulsive forces are 
nearly equal, which implies that all films are fully magnetized. 

The results from the film stack are shown in Fig. 12.29 together with those 
of a melt-grown sample. The levitation force of the film stack is one-fifth of 
that of the bulk sample. However, the hysteretic behavior deviates strongly. 
The attractive force of the stack is still nearly as large as the repulsive force, 
whereas the repulsive force of the bulk sample exceeds its attractive force by 
nearly a factor of ten. Nevertheless the small difference between the repulsive 
and attractive force of the film stack already implies that flux penetration is 
no longer perfect. 

Figure 12.30 shows the approaching branch of the force distance-character- 
istics of the film stack compared with the sum of the single-film results. The 
stack results and the sum of the single-film results obviously differ. In part 
this can be explained by the increasing distance from the magnet of the films 
within the stack. The curve corrected for this distance variation is also de- 
picted in Fig. 12.30. However, the overall levitation force of the film stack 
remains 15% lower than the sum of the single-film results. This can only 
be explained by screening of the external flux density by the upper films. 
A theoretical interpretation of our results was obtained by Tsuchimoto and 
coworkers [255, 256]. 



12.4.2 Magnetic Stiffness 

Finally, the vertical magnetic stiffness of the film stack was measured. Again 
the results are depicted in comparison with results on a bulk sample, in 
Fig. 12.31. The stiffness of the stack is comparable to that of the bulk sample. 
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Fig. 12.30. Comparison of the results 
on the film stack with the sum of 
the single-film measurements with and 
without distance correction (see text) 




Fig. 12.31. Vertical magnetic stiffness 
of the film stack as a function of the ex- 
ternal magnetic flux density compared 
with the results from a melt-grown sam- 
ple 



Also, the same magnetic-field dependence as discussed above can be found 
in these results. 

A simple estimation [177] shows that a stack of ten films of currently 
available quality in the geometry used would yield a levitation force of 1 N. 
Thick YBa 2 Cu 307_5 films as prepared in other laboratories [58] could provide 
similar values, according to this estimation. 



13. Remanent Flux Distribution 
and Critical Current Density 



From Sect. 12.1.4 it could be concluded that the measurement of the remanent 
flux distribution of a superconducting sample is a better test of sample qual- 
ity than the measurement of the spatial distribution of the levitation force. 
In fact the scanning Hall probe experiment appears to be a good method for 
nondestructive testing of superconductors. The measurement of remanent 
flux distribution in superconductors by a Hall probe has been reported in the 
literature [152, 154, 221, 274]. At the present time several groups have set 
up Hall probe experiments to examine the homogeneity of superconducting 
samples [120, 136, 211, 262]. However, in most cases only magnetic-field dis- 
tributions are measured, which give a qualitative measure of the homogene- 
ity of the superconductor, while in our experiments a method is proposed 
to evaluate the critical current density from the remanent flux distribution, 
yielding a more quantiative determination of the quality of the samples. In 
the following our own experiments will be described in more detail. 



13.1 Experimental Details 

The computer-controlled three-dimensional positioning system which was de- 
scribed in Sect. 12.1.1 was used for the scanning Hall probe experiments. As 
a modification a Hall sensor was used instead of the force sensor. 

13.1.1 The Hall Sensor 

The Hall sensor has to fulfill several conditions. It has to operate stably and 
with reasonable output signals at 77 K. Its area should be small enough to 
obtain a good spatial resolution, and the thickness of the sensor housing 
should be small in order to achieve a small distance between the Hall sensor 
and the sample. The latter condition is also necessary for good resolution. 

Owing to the small distance between the Hall probe and the sample, which 
is kept in liquid nitrogen, the sensor becomes cold. The temperature, however, 
would be very unstable if the sensor was kept above the liquid bath. This is 
not tolerable, as the Hall voltage is strongly temperature-dependent. There- 
fore the liquid level was kept high enough for the Hall probe to be immersed 
in liquid nitrogen, too. Thus stable thermal conditions were guaranteed. 

Beate R. Lehndorff: Hieh-Tr Superconductors for Magnet and Energy Technology, 

STMP 171, 167-178 (2001) 

@ Springer- Verlag Berlin Heidelberg 2001 



168 13. Remanent Flux Distribution and Critical Current Density 

A commercial Hall sensor appeared to be a good choice for our purpose. 
The physical parameters of the sensor KSYIO, manufactured by Siemens, are 
summarized in Table 13.1. 



Table 13.1. Technical data of the Hall probe KSYIO 



Quantity 


Technical data 


Hall-active material 


Monocrystalline GaAs 


Semiconductor size 


200 X 200 pm^ 


Maximum Hall current Jh 


5 mA 


Hall constant at 297 K Art 


1.102T0.005 T/V 


Hall constant at 77 K Aln 
L inearity of the Hall voltage 


0.81T0.01T/V 


for B < 0.5 T 


< ± 0.2% 



13.1.2 Resolution of the Hall Probe 

The trapped fields are well withiir the region of fields specified for Hall sensors. 
Thus the electrical output signal (Hall voltage) cair easily be measured with 
stairdard equipment and with sufficieirtly low error. The spatial resolutioir de- 
termiires the features of the trapped field and thus the size of iirhomogeireities 
of the supercoirductor that cair be resolved by the experiment. 

The spatial resolution of the sensor is determined by its active area but 
even more by the distance between the superconductor and sensor during 
measurement. In fact the whole area penetrated by the supercurrent acts on 
the Hall probe. However, areas which are farther away do not contribute as 
much to the Hall signal as those directly underneath the sensor. One can thus 
define air effective angle and consider the contribution of areas outside this 
aperture as not relevant. This is outlined schematically in Fig. 13.1. 

From this figure it is clear that a size reduction of the active area of the 
Hall probe is much less efficient than a reduction of the spacing between 
the superconductor and sensor. In an actual experiment this may cause a 
problem. The Hall sensor is mounted in a plastic housing, which owing to 
its thickness increases the spacing. Thus the housing was ground to reduce 
its thickness. Furthermore the sensor has to be brought into contact with 
the sample. Especially in the case of a thin film, this may cause damage 
of the sample surface. A solution to this problem was found by sealing the 
film in a transparent foil. The foil was a conventional household material 
normally used for deep-freezing purposes. Its thickiress of 35 pm does not 
sigirificantly reduce the spacing. Another possibility is spin-coatiirg of the 
film with photoresist. This reduces the thickiress of the protection layer even 



more. 
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Hall probe 



2h 

superconductor 



6h 




^ Fig. 13.1. Schematic representation of the 

spatial resolution as a function of the dis- 
tance between superconductor and sensor 
4h ^ and of the active area of the sensor 



13.1.3 Imaging of the Remanent Flux Distribution 

The superconducting sample is cooled down to 77 K in the external magnetic 
field of a copper coil. As soon as this temperature is reached the field is turned 
off. After a certain time the trapped flux has relaxed and an equilibrium flux 
distribution, according to the Bean model, is achieved. The normal compo- 
nent of this flux distribution is recorded by scanning a micro-Hall probe over 
the total surface area of the sample. An ideal cylindrical superconductor, for 
example, exhibits a perfect Bean cone, whose steepness is a measure of the 
critical current density. A real sample may show inhomogeneities in the flux 
distribution caused by sample imperfections such as cracks or grain bound- 
aries where flux can more easily enter and leave the sample. It is possible 
to calculate the critical current density from this measured flux distribution. 
The numerical method will be presented in the following. 



13.2 Calculation of the Critical Current Density 

According to the Bean model the gradient of the magnetic-flux distribution is 
proportional to the critical current density jc- In order to calculate the critical 
current density from the measured flux data the Biot-Savart equation has 
to be solved. However, the geometrical boundary conditions are not simple; 
thus a formalism proposed by Xing et al. [274] was applied. A short outline 
of the calculation will be presented here. A more detailed discussion can be 
found in [147]. 
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Y 




Fig. 13.2. Geometry of the Hall scan 



The critical current density is determined from the remanent magnetiza- 
tion: 



j = V X M . 



(13.1) 



This equation can be reduced to two dimensions. One reason is that with 
an external field normal to the surface, the screening currents flow only 
within this plane. The other reason is that the currents should not vary 
over the thickness of the sample. In particular, in the case of thin Aims or 
BSCCO tapes the sample can be considered as thin enough to be treated 
two-dimensionally. Thus (13.1) can be reduced to two dimensions: 



j ~ OxiJy) 



rdM dM\ 
\ dy dx ) 



(13.2) 



The geometrical situation for the Hall scan is depicted in Fig. 13.2. The x,y 
position of the sensor is represented by the integer indices m,n^i,j. The 
distance between the Hall probe and superconductor is kept constant. 

The magnetic moment of a grid point {i,j) induces a remanent magnetic 
held at the held point (m, n) at a distance z: 

( 5 ^ dx'dy' 

47r Jg.. 

= M{i,j)G{m,n,i,j,z). (13.3) 



Here r is the distance between the source point and held point and S'ij is the 
area of the cell (z,j). The integral G depends on the relative coordinates of 
the source point and held point. The contributions of all individual cells are 
now summed. Then the complete induction at the site (m, n, z) is 
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Ni N2 

B^{m,n,z) = j) G{m,n,i,j,z) . (13.4) 

i=l j=l 

The numbers JVi and JV 2 denote the number of scan steps in the x and y 
directions and therefore count the total number of data points. Equation 
(13.4) is a linear system of equations for the magnetization M{i,j) with 
coefficients G{m,n,i, j, z) and a constant term z). 

This system of equations can be written as a matrix equation: 

GM = B2. (13.5) 

The magnetization can now be calculated either by inversion of the 

matrix G, which would mean inverting a matrix of x N 2 elements, or 
by applying an iterative method. As the first possibility consumes a lot of 
computer time, the second was chosen. A comparison of the two methods 
shows that they yield comparable results. A more detailed discussion of the 
iteration method is given in [147]. 



13.3 Epitaxial YBCO Films 

Epitaxial thin films of YBa 2 Cu 307_5 are currently widely used for microwave 
and high-frequency applications, for example mobile communication [90]. 
Films of good quality are produced on large-area substrates up to 8 inches 
in diameter [246]. In order to fabricate reliable systems it is crucial that the 
quality of the films is homogeneous over the whole area. A method has to 
be found which enables nondestructive testing of the overall homogeneity. 
In our laboratory an inductive method was used [65] but it is restricted in 
its lateral resolution to the diameter of the coils of 3- 4 mm. Also it is very 
time-consuming; the scan of a 2 in diameter film takes several hours. The 
scanning Hall probe experiment described above offers a higher lateral reso- 
lution (< 1 mm) and is much faster. 

13.3.1 Experimental Details 

The scanning Hall probe measurements were performed as described above. 
The iteration procedure was used to determine the magnetization from the 
trapped-flux data and subsequently the critical current distribution was cal- 
culated. For the calculation of jc the exact distance between the supercon- 
ductor and Hall probe has to be put into the iteration procedure. As already 
mentioned, however, the thickness of the housing of the sensor is not 
very well known. The total spacing is dtot = d + Xeff. An error of 0.5 mm 
in dtot is enough to cause the iteration not to converge. Therefore XeS was 
determined experimentally by measuring the trapped-flux distribution for 
different distances d. For each distance Xes was determined for which the 
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iteration procedure converged best. Magnetization data calculated with this 
value of Xefi for different distances have to correspond well. By this procedure 
consistent magnetizations M(x, y) were found for = 0.8 ± 0.1 mm. 

13.3.2 Results and Discussion 

Figure 13.3 shows results from a Hall scan measurement and calculation of 
a two-inch YBa 2 Cu 307_5 film. The scan steps were s = lmm wide. A pro- 
nounced Bean cone can be seen, which shows that the film is completely 
penetrated by magnetic flux. The maximum measured flux density is 20 mT. 
This is only slightly below the maximum value of 25 mT which can be 
achieved with a 50 mT coil. Figure 13.3a exhibits the measured flux density 
and Fig. 13.3b the magnetization calculated from the data. Figure 13.3c shows 
the critical current density distribution which follows from the magnetization 
of Fig. 13.3b. In the latter a drop of jc can be seen in the center of the film. 
This is only in part caused by the numerical method. The numerical “blind 
spot” should be only a few mm^; the area of reduction, however, is more 
than 10 mm^. There is a physical explanation for this reduced critical cur- 
rent density. The middle of the film is the area with the highest flux density. 
As for the explanation of the levitation force experiments, the magnetic-field 
dependence of the critical current density has to be taken into account. With 
the Kim-Anderson correction (12.11) with j3=l, the critical current den- 
sity distribution of Fig. 13.3d is obtained. The variation of jc is significantly 
lower. Most of the area of the film has a critical current density of jc = 2- 
3MA/cm^. This result corresponds well with the critical current densities of 
2.5MA/cm^ determined from inductive measurements [34]. 

The scanning Hall probe experiment is a good means for nondestruc- 
tive evaluation of high-quality YBa 2 Cu 307_5 Aims. It could be shown that 
artificial defects of 1 mm size can be resolved [33] . Magneto-optical measure- 
ments can achieve higher lateral resolution [109] but the experimental effort 
is higher. A very high spatial resolution can be obtained when the Hall probe 
measurement is combined with scanning probe techniques. The scanning Hall 
probe microscope [207, 208, 209] yields submicron resolution. The increasing 
resolution is combined with a more sophisticated experimental setup. For 
nondestructive evaluation a lower resolution might be sufficient. 



13.4 Bi-2223/Ag Tapes 

The critical current density of BSCCO tapes and wires is normally measured 
by a four-point transport experiment. The critical current Ic is defined as 
the current at a voltage drop of 1 pV over a 1 cm distance between voltage 
taps. A transport measurement, however, yields only an integral value of the 
critical current. Local variations can only be detected by using very small 
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B [ml] M [A] 




Fig. 13.3. Results of the scanning Hall probe measurements of film MG385: a) 
trapped flux, b) magnetization calculated from the trapped flux, c) critical current 
density jc calculated without and d) with Kim-Anderson correction 



distances between voltage taps, which is experimentally complicated [222]. 
Thus the scanning Hall probe experiment turns out to be a good means of 
nondestructive evaluation of superconducting tapes, too. 

13.4.1 Lateral Resolution 

The lateral resolution was tested using pure silver tapes. Thus the not-very- 
well-known influence of the superconductor could be excluded. A transport 
current was applied and the flux distribution due to that current was recorded 
at both 77 K and room temperature. Artificial defects of known dimensions 
were introduced into one silver tape. 
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The magnetic field of the transport current can be calculated from the 
Biot“Savart law. For a long, homogeneous tape the problem can be treated 
two-dimensionally. The z component of the magnetic field thus follows from 
the Biot~Savart law as 

H,{a,h)= f dxl(x)- 2 i 3/2 ■ 

Jo [(a — x)^ + h^J ' 

The parameters of this equation are visualized in Fig. 13.4. 

Figure 13.5 shows the flux distribution of a transport current of 8 A 
through a defect-free silver tape. This flux map corresponds quite well within 
experimental errors with the distribution of a homogeneous conductor as 
calculated from (13.6). 

The same silver tape was measured again after several holes, cuts and 
cracks were introduced. The flux map of the tape with defects is shown in 
Fig. 13.6. It turns out that the method has its greatest resolution at the 
border of the tape as there the trapped flux has its maximum. Lateral cuts 
0.5 mm deep can be resolved. Owing to the lower flux density in the middle 
of the tape the resolution there is 0.7 mm. 





Fig. 13.5. Flux distribution of a defect- Fig. 13.6. Flux distribution of a silver 
free silver tape with a transport current tape with defects at a transport current 
of/ = 8A of/ = 8A 
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13.4.2 Results from Bi-2223/Ag Tapes 

In the following, results from a typical sample will be presented. It was a 
Bi-2223/Ag tape with 19 filaments prepared using the PIT technique as de- 
scribed in Chap. 7. Its thickness was 0.25 mm and its width 3.2 mm. For a first 
impression the critical current was measured using the four-probe technique 
with 1cm distance between taps over a total length of 8 cm. The result is 
shown in Fig. 13.7. Most of the tape had a critical current of more than 30 A. 
In one region the critical current dropped to 20 A. This small area limits the 
critical current density over the total length. This area was therefore selected 
for scanning Hall probe examination. 




Fig. 13.7. Critical current 7c of a Bi- 
2223/ Ag tape measured at different posi- 
tions 



Two methods of magnetization were used for these experiments. In the 
first method an external magnetic field was applied during cooling, as de- 
scribed above. The second method was the determination of the flux pat- 
tern of a transport current. The region with defects was compared with a 
defect-free region from the same tape. In the top part of Fig. 13.8 the flux 
distribution (left) and jc distribution (right) of the defect-free region after 
magnetizing in the field of a coil are shown. The bottom part of the figure 
exhibits the results for the part of the tape with the defect. The flux dis- 
tribution shows the typical Bean form. The defect can be clearly localized 
from the reduced magnetic flux and critical current density, reduced from 
20 000 A/cm^ to 10000 A/cm^, within a range smaller than 3mm. 

Figure 13.9 represents the flux distribution for a transport current of 20 A, 
and the critical current density distribution calculated from the flux map 
(top) . The current of 20 A lies slightly below the critical current determined 
by the transport measurement. The bottom part shows the remanent field 
measured after turning off the transport current, and its critical current dis- 
tribution. The defect cannot be seen as clearly as in the trapped-flux mea- 
surement. However, in the direct neighborhood of the defect an enhancement 
of the transport current can be observed. This is an indication that the cur- 
rent is flowing around the defect region. The defect thus reduces the effective 
area for the current path. 
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Fig. 13.8. Remanent field and critical current distribution calculated from the 
flux map of a 19-filament Bi-2223/Ag tape without defects {top) and with a defect 
{bottom) 



The remanent field after turning off the transport current shows the de- 
fect much better. In this case the maximum flux density is at the border 
of the tape. The remaining supercurrents flow along this border; thus this 
experimental mode is sensitive to defects at the edge of the tape. 

The three experimental modes presented, namely the trapped flux, self- 
field and remanent field of a transport current, have different current patterns. 
Thus they are sensitive to different regions of the tape. The trapped-flux dis- 
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remnant field of the transport current 




Fig. 13.9. Self-field for a transport current of 1 = 20 A, critical current density 
distribution calculated from the flux map (top) and remanent field of the transport 
current with the corresponding current distribution (bottom) of a 19-filament Bi- 
2223 tape with a defect 



tribution provides a map of the local critical current density but it does not 
tell us very much about the contacts of the grains. The self-field distribution 
of a transport current has the advantage that a real current is flowing from 
one end of the tape to the other. Thus defects which hinder the current path, 
such as cracks, can be detected. The last mode, in which the remanent-field 
distribution after a transport current has been applied and turned off is mea- 
sured, is especially sensitive to the borders of the tape. Thus all three methods 
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are suitable to detect defects in a superconducting tape. Their information 
is complementary. 

13.4.3 Quality Control of Long Tapes 

For technical applications long lengths of tapes have to be fabricated. Scan- 
ning Hall probe measurements offer a simple means for continuous quality 
control over the total length. For this purpose it is sufficient to measure in 
only one direction along the tape length. The tape needs to be magnetized 
by an external magnetic field before scanning the Hall probe along its length 
exactly in the middle of the tape. As can be seen from Fig. 13.9, in this mode 
the remanent flux is highest in the middle and each defect leads to a reduc- 
tion of the maximum measured flux value. This is visualized in Fig. 13.10, 
where a cross section of a magnetized tape is represented schematically. A 
local reduction of the critical current density implies a height reduction of 
the Bean cone at its summit. Thus a one-dimensional measurement of the 
remanent flux along the length of a superconducting tape in its middle can 
reliably detect any bad section of reduced critical current density. An appa- 
ratus designed for the purpose of continuous quality control of BSCCO tapes 
has been demonstrated by Schiller et al. [241]. 




Fig. 13.10. Remanent magnetiza- 
tion of the cross section of a super- 
conducting tape with and without a 
defect (schematic) 



14. Concluding Remarks 



14.1 Summary 

The discovery of the oxide superconductors caused a flood of publications. 
It is therefore difficult for a researcher working in this held to obtain an 
overview of the latest results and Alter the important contributions from the 
less important ones. For a newcomer, e.g. a student starting his/her master’s 
or PhD thesis work, it is nearly impossible to collect the important informa- 
tion from this vast amount of papers. This situation motivated the first part 
of the work presented here. The goal was to pick the essential information 
on technical high-Tc superconductors for magnet and energy technology from 
several important original articles and books and put it together in a com- 
pact form so that students starting in this held would have the opportunity 
to obtain a quick overview of the basic physics and materials science and a 
reasonable list of literature. In the second and third part the author’s own 
original results were added. The research was performed at the University of 
Wuppertal and at the Applied Superconductivity Center of the University of 
Wisconsin at Madison during a one-year stay and ongoing collaborations. 

The experimental results were presented in two parts, one part focusing 
on phase formation and microstructure, the other on flux-pinning properties 
measured by electromagnetic methods. In Chap. 7 some general aspects of 
our preparation processes of Bi-2212 and Bi-2223 conductors were described. 
In the following Chap. 8 results of overpressure processing of Bi-2212 wires 
and tapes were presented. Processing in 1 atm oxygen under a total pressure 
of 5 atm leads to significant reduction of voids in Bi-2212 wires. Tape conduc- 
tors from the same material processed under the same conditions exhibit a 
thickness dependence of the critical current density, which is associated with 
reduced texture for thicker tapes and enhanced second-phase production in 
very thin tapes (160 pm). The high amount of second phases is attributed to 
locally inhomogeneous reaction due to the restricted geometry of the tapes. 

Second phases also play an important role in the preparation process of Bi- 
2223 tapes, as described in Chap. 9. It was found that reducing the sintering 
temperature in the final sintering step leads to significant enhancement of jc- 
The reduction of the small amounts of second phases such as Bi-2201 and 3221 
could be demonstrated by XRD analysis. Electron microscopy revealed that 
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these phases preferentially reside between grains, reducing the connectivity, 
as could also be shown by ac susceptibility measurements. 

The results on YBCO-coated conductors on textured substrates described 
in Chap. 10 are very preliminary. It was shown that a good cube texture 
could be achieved in a Ni-Cu composite material. Buffer layers of Ce02, 
YSZ and MgO were sputtered onto textured metal tapes. However, these 
buffer layers still need to be optimized. The first superconducting YBCO 
films were deposited onto these substrates with Tc = 82K. This work formed 
part of the first German activity on coated conductors on textured metallic 
substrates [6]. 

Electromagnetic properties were discussed in three chapters. Chapter 11 
focused on the scaling behavior of current-voltage characteristics of Bi-2223 
tapes in magnetic fields up to 8 T and temperatures down to 4.2 K. The 
temperature-dependent anisotropy of the critical current density was corre- 
lated with the scaling behavior, leading to the conclusion that thermally acti- 
vated flux creep rather than vortex glass melting is the origin of the critical- 
current degradation in magnetic fields in the BSCCO conductors. From a 
technical point of view these results indicate that reasonable applications in 
magnet design are only possible below 40 K for Bi-2223 and below 30 K for 
Bi-2212 as the degradation mechanism has to be considered as intrinsic. 

Chapter 12 was dedicated to the phenomenon of superconducting mag- 
netic levitation. The main purpose of the experiments presented was to un- 
derstand the basic physics of the levitation force and magnetic stiffness. Var- 
ious types of HTSC were examined and the results were discussed in the 
framework of the Bean critical-state model or the Kim- Anderson model. The 
phenomenological interpretation of magnetic-stiffness results leads to a qual- 
itative estimation of the Labusch parameter and thus the pinning strength 
of the samples examined. 

In the last chapter. Chap. 13, the measurement of the spatial distribution 
of trapped magnetic flux was presented. This turned out to be a good method 
for nondestructive evaluation of various types of HTSC, such as bulk samples, 
thin films of YBCO and Bi-2223 tapes. A method was presented to calculate 
the critical-current distribution from the measured flux map. The method 
yields a spatial resolution of about 1 mm^ . 



14.2 Conclusion 

The published research work on oxide superconductors can roughly be di- 
vided into four types: theoretical work on the understanding of the mecha- 
nism of high-Tc superconductivity, fundamental experiments on mechanisms 
and properties of HTSCs, materials science work and applications. Owing to 
prospective economical advantages, publishing policies are often restrictive, 
especially in the fields of materials science and applications. Either experi- 
mental details are published incompletely or results are treated as proprietary 
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Fig. 14 . 1 . Historical development of jc [101] 



and thus are not made available to the public. This makes it unavoidable that 
work is done twice. Nevertheless, a comparison with published work is nec- 
essary in order to evaluate one’s own results. Thus this work has been put 
into the frame of international results. 

From the historical point of view, progress has been slow in the last few 
years, revealing the problems of material development in these complex com- 
pounds. The most important quantity for estimating progress is the critical 
current density jc- Thus the Malozemoff plot was introduced [183], in which 
jc of Bi-2223/Ag tapes is plotted as a function of time. The critical current 
density turns out to be linear with time but the plot does not tell the whole 
story. In Fig. 14.1 the length of the tapes is added as a third parameter. 

As can be seen, the highest value of 69kA/cm^ was already reached in 
1993 in pressed tapes [165]. The most remarkable results in the meantime 
have been the production of long lengths of tape conductor and the fact that 
the maximum value is now obtainable by rolling. However, tapes longer than 
10 cm still have a jc about three times lower than that of short samples. This 
shows the major problems in the field of conductor fabrication. On one hand 
a reasonable jc value for commercial applications is considered to be of the 
order of lO^kA/cm^. On the other hand, the upscaling of critical current 
densities from short samples to long lengths of conductors necessary to build 
magnets or cables is very difficult and is connected with a loss in current- 
carrying capability by a factor of three. Further difficulties arise from the 
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high anisotropy of the critical current and from its degradation in magnetic 
fields, especially at elevated temperatures. The consequence is that Bi-2223 
tapes are applicable in magnet technology only below 40 K and Bi-2212 only 
below 30 K. At higher temperatures jc degrades at magnetic fields signif- 
icantly below IT. A way out of this dilemma seemed to be the so-called 
second-generation coated conductors made of YBCO on various buffer layers 
(IB AD, RABiTS"'"^). But upscaling is an even more severe problem in this 
case. Large-area thick films of YBCO on IBAD buffer layers on polycrys- 
talline metallic substrates have been fabricated [212] but the process is slow 
and expensive and not necessarily suitable for fabrication of conductors of 
several km length. The use of rolling-assisted recrystallized metal substrates 
with appropriate buffer layers could be a solution and a lot of hope is put 
in this particular type of conductor. But up to now only 10 cm of length 
have been produced, with significantly degraded critical current density [75]. 
The reason is that the quality of grain boundaries turns out to be the major 
problem in these materials as well as in the BSCCO conductors. 

As can be seen from Table 14.1 the jc values obtained in the work pre- 
sented here are comparable within a factor of two to the results achieved 
by the leading groups. The engineering current density is about the same 
owing to the high filling factors which could be reached by the combined 
deformation techniques described in Sect. 7.1. 



Table 14.1. Overview of internationally achieved critical and engineering current 
densities jc and je (kA/cm^) of Bi-2223 multifilamentary conductors at 77K [87, 
88, 166, 170, 234, 243, 261] 



Institute /company 


Short samples 

jc je 


Up to 10 m 

jc je 


More than 10 m 

jc je 


University of Wuppertal 


32.0 


11.4 


12.3 


3.4 


- 


- 


Sumitomo Electric 


42.5 


12.1 


- 


- 


27.8 (114m) 


7.9 


American Superconductor 
Corporation 


70 


15 






24 (600 m) 


8 


Siemens AG 


41.3 


10.3 


24 


6 


22 (400 m) 


5.5 



The results presented in this book were focused mainly on phase formation 
and microstructure on a micrometer scale, and on electromagnetic proper- 
ties with a spatial resolution no smaller than Imm^. However, owing to the 
small coherence length of the HTSCs of only 0.3 to 3nm, it is clear that 
impurities and defects on this length scale are most relevant for transport 
properties. That means that grain boundaries and intragrain properties of 
this size determine the material properties. Small amounts of second phases 
visible only in a transmission electron microscope (TEM) can effectively hin- 
der current transport over a grain boundary. Furthermore, the mechanism 
of current transport over grain boundaries and the type of grain boundary 
participating in supercurrent transport are still subjects of lively discussion. 
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Submicron structural features can be found in a TEM but their influence on 
current transport is not clear from such an experiment. Direct correlations 
between microstructure and current flow are necessary. Such examination 
may be done by scanning probe microscopy [175] in combination with mi- 
crostructural investigations. 

The grain boundary problem is not easy to deal with. It may take several 
years to reach a breakthrough in critical current density or it might even 
turn out to be impossible to use polycrystalline materials. In contrast to the 
BSCCO conductors, epitaxial YBaCuO Aims have already reached high ma- 
terial quality, but these are quasi-single-crystal materials and thus only low- 
angle grain boundaries are present. The second-generation YBaCuO-coated 
conductors offer a possible way out of the grain boundary problem. Therefore 
future research has to include the development of this type of material, too. 

This work was funded by the German Ministry of Education, Science, 
Research and Technology (BMBF) and the Ministry of Science of the state 
of North Rhine- Westphalia. 
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inclusions 8 
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